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ABSTRACT

An experimental investigation is conducted to e,-amine the simultaneous

motion of three phases in porous media. Limited research has been done in this

area; therefore, the work is exploratory in nature. Experimental apparatus is con-

structed to enable the flow of three immiscible fluids through a one-dimensional,

horizontal glass bead packed core. The fluids used are water, benzyl alcohol and

decane, representing water, oil, and gas phases respectively. The apparatus allows

the core to be brought to any combination of saturations of the three phases through

steady-state and unsteady-state (dynamic displacement) experiments.

The main objective of the research is to map the relative permeabilities of the

fluids in the interior region of the ternary diagram through a series of dynamic dis-

placement water floods. Fluid relative permeabilities and saturations during the

dynamic displacement experiments are calculatcd from the three-phase extension of

the two-phase dynamic displacement theory of Welge's permeability ratios, and

Johnson, Bossier and Naumann's two-phase method of determining individual rela-

tive permeabilities. Steady-state relative permeabilities are determined from

Darcy's law.

The interior region of the ternary diagram cannot be mapped by a dynamic

water flood originating along the residual water saturation line. The piston-like dis-

placement of decane and the development of a benzyl alcohol (oil) bank create a

Buckley-Leverett saturation jump which follows the residual water saturation line

down to the dynamic residual decane saturation line. The s'",iraton trj-ectnry th;.,

follows the dynamic residual decane saturation line down to residual benzyl alcohol

and decane saturations in the presence of water, bypassing the central region of the
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ternary diagram. A difference in residual decane saturations is seen between the

steady-state and the dynamic displacement floods.

Exact graphical matching of the core-end saturation change is seen b'!.:ween

the displaced decane and the oil bank. This observation lends credence to the

extension of the two-phase dynamic displacement theory to three phases.

Further investigation will be required to examine the mechanism behind the

development of the oil bank and the difference in the residual decane saturations of

the two types of floods.

Implications of the discovered oil bank phenomena include examining alterna-

tive methods for mapping the interior of the ternary diagram and possible applica-

tions to oil recovery.
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Chapter 1

INTRODUCTION

The objective of this research is to ftu-ther our understanding of the simultane-

ous motion of three phases in porous media. This is to include hysteretical effects

and to specifically quantify and qualify immiscible three-phase relative permeabili-

ties.

Multi-phase flow in porous media occurs in many engineering fields, such as

ground water hydrology, hazardous waste disposal sites, surface spills, and

petroleum hydrocarbon reservoirs. As the upper crust of the earth is being taxed

more and more with sophisticated processes, a need for a better understanding of

transport phenomena in porous media is required. We have a responsibility to

preserve the functionality of fluid bearing formations, and to be able to accurately

predict and optimize the outcome of prospective production or injection projects. In

the case of contamination, we must have the ability to design a cleanup process,

minimizing damage and danger.

One of the key parameters used to describe the motion of various fluids in

porous media is relative permeability. The relative permeability parameter is used

to determine the energy needed to move the fluids through the porous media, and

the relative flow rates of each phase present. Knowledge of the permeability of a

formation rock to a given fluid is an essential input for numerical models used to

predict and optimize aquifer and reservoir performance, and for the designing of

efficient and effective mobilization or utilization systems.
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Several examples of three-phase flow in subsurface formations are:

" A surface spill of a non-aqueous solution, not miscible with water, that seeps

into the ground under gravity. This non-aqueous solution then mixes with rain

water and air, to form a three-phase mixture flowing simultaneously in a

porous medium.

* A non-aqueous fluid might be introduced into a disposal well that penetrates

an aquifer containing air or a non-condensible gas such as carbon dioxide.

Again, the result is a three-phase flow.

" In hydrocarbon production, simultaneous flow of oil, gas and water is com-

mon, under both primary or secondary recovery. Three-phase flow is also

encountered in enhanced recovery processes.

" Three phases can be created in the subsurface in an effort to control the move-

ment of a contaminant toward a set of producing wells, through the use of

some displacement process.

The relative permeability to a given phase is a function of that phase's satura-

tion and possibly, a function of other phase saturations as well. The effective per-

meability is one of the major non-linear factors in the mass transport equations that

are used in both analytical and numerical reservoir models. Due to the highly non-

linear nature of the multiphase flow problem, relative permeabilities must be deter-

mined experimentally. The results and trends from this exploratory experimental

research have application to multiple disciplines. Therefore, in this work a very

idealized system consisting of a one dimensional core, simple fluids, and relatively

homogeneous porous media are used.
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Chapter 2

REVIEW OF THE THEORY AND LITERATURE

One-dimensional single-phase flow through porous media is described by

Darcy's equation (Darcy 1856), shown as:

V = k oK 4(2.1)

Darcy's law applied to all phases (capillary pressure neglected) is:

vi = - (2.2)P x

where k, is the effective permeability of phase i.

Relative permeability is defined as:

= (2.3)

kabs

where kri is the relative permeability of phase i.

2.1 Steady-State and Dynamic Relative Permeability Measuring Techniques

There are two major methods involving continuous injection of fluids for

determining relative permeabilities: the steady-state method and the unsteady-state

method. In the Penn State steady-state injection technique, a fixed fractional flow

of fluids is injected into the core, until the same fractional flow of fluids is pro-

duced from the core. At this point it is assumed that steady-state is achieved. The

pressure drop across the core is measured and Equation (2.2) is used to determine

the effective permeabilities followed by Equation (2.3) to determine the relative per-

meabilities of each of the injected phases.
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The unsteady-state method of relative permeability determination (dynamic dis-

placement) involves the injection of (usually) one fluid phase into an iso-saturated

core. The fluids recovered from tht core, and the pressure drop along the core, are

measured as functions of the pore volumes injected. From this data the core-end

saturations and the associated fluid relative permeabilities are determined. The

specific method of determining these values is & ved by extending, from two-

phases to three-phases, the two-fhase dynamic displacement theory of Welge's per-

meability ratios with Johnson, Bossler and Naumann's (JBN) two-phase method of

determining individual relative permeabilities (Welge 1950; Johnson et al. 1959).

"the actual derivation and extension of the theory is presented by Grader and

O'Meara (1988) and is summarized in section 2.3.

2.2 History of Three-Phase Relative Permeability Determination

A large number of papers relating to the determination of relative permeabili-

ties in porous media is found in the literature. Honarpour et al. (1986) presented a

review of the subject.

Leverett and Lewis (1941) presented a study of three-phase relative permeabil-

ities using the steady-state method. Their conclusion is that the water relative per-

meability is solely a function of the water saturation in an unconsolidated sand

pack.

The steady-state method for determining three-phase relative permeabilities

was used by Caudle et al. (1951), Corey et al. (1956), Snell (1962), and Oak et al.

(1988). Caudle et al. (1951) found that for a consolidated core, each relative per-

meability depends on the saturation of the three phases.

The few papers listed above used the steady-state method for determining
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three-phase relative permeabilities. Measurements of relative permeabilities using

the unsteady-state method are presented by Sarem (1966), Donaldson and Dean

(1966), and Saraf et al. (1983). Sarem (1966) used a Welge-like method which

assumes mat each phase relative permeability depends only on its own saturation.

As shown by Crader and O'Meara (1988) this assumption ; not needed in the

development of the extension of the Welge method from two phases to three

phases.

Donaldson and Dean (1966) used a variation of Sarem's methoo (Sarem 1966)

in that the relative permeabilities depend on the saturation of the three phase, in the

core. For the three-phase case, they used the Welge method (Welge 1950) by

replacing the fractional flow of oil, by the sum of the fractional flow of oil and

water. They do not, however, present P rerivation or the assumptions made for the

application of the Welge method to three phases. In the paper the three-phase rela-

tive permeabilities for Berea sandstone and Arbuckle limestone are presented.

These two rock types show high residual water and oil saturations, limiting the size

of tic three-phase region on the ternary diagram available for mapping. Saraf et al.

(1983) also make use of an extension of the Welge method.

Summary tables with some of the three-phase relative permeability work

described in the literature are presented by Honarpour et al. (1986), Oak et al.

(1988), and Donaldson and Kayser (1981).

The difficulty in determining three-phase relative permeabilities using either

the steady-state or unsteady-state methods justifies the need for a three-phase rela-

tive permeability model which uses only two-phase relative permeability data.

Baker (1988) presents a comprehensive summary of the various three-phase relative

permeability models.
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2.3 Extension of the Welge/JBN Theory to Three Phases

The Welge/JBN method discussed in this section is based on the work of

Grader and O'Meara (1988) which extends the Welge/JBN theory from two phases

to three phases. The theory is simplified to the non-gravity case. In the following

derivation, the standard simplifying assumptions are made: incompressible, one-

dimensional, isothermal, ard immiscible three-phase flow with no capillary pressure

effects. The material balance equation and Darcy's Law equation descri.'bing the

.-ity of fluid flow in a porous medium are:

a ) + a"' = 0 (2.4)at ax

vj = - X. - (2.5)vax
where j= 1,2,3, S 1 +S 2 +S 3 = 1, X.j=kj / j, and the rest of the terms are

defined in the Nomenclature. By summing the three material balance equations we

can sho, that v, the total fluid velocity, is independent of x, and is therefore, at

most only a function of time (we will show later in the Chapter 7 how the variable

rate does not affect the validity of the proposed solution). Summation of Darcy's

Law equations for the three fluids provides an expression for the pressure gradient

in terms of v, which can then be substituted into Eq. (2.2) to obtain:

vj = v fj (S 1,S2 ) (2.6)

where

j-i
= 

(2.7)

X = A- + X2 + X3 (2.8)

Notice that, for a given choice of fluids, fj is a function only of saturation. Also,

note that there are only two independent volume equations for two phases, as the
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third phase volumetrics are complimentary, and dependent. Substituting Equation

(2.6) into Equation (2.4) yields the following differential equation (neglecting grav-

ity effects):

a-- + v*- 1 - ff-x_+ v-- -- =0 for j=1,2 (2.9)
at as I axas 2 I'aX

For suitable initial and boundary conditions (iso-saturation at initial time, and a

constant fractional flow at the injection face), the solution to Equation (2.9) is self

similar. A natural choice for the similarity variable, Tl, is Q where X denotes the

dimensionless position scaled by 1, the length of the core and Q denotes the cumu-

lative pore volume of total fluid injected:

t

Q -- f v(t')dt' (2.10)
01

Substitution of 1 into Eq. (2.9) yields:

f-1 Ti-I1 "L-'-+ ' rl- =0 (2.11)

L 21 Pas+ -f2 T I ]- 1 = 0 (2.12)

Letting SP denote the initial saturation of phase j in the porous medium and S

denote its initial saturation at the inlet end of the core, we obtain the initial condi-

tion:

S =SP at l =0 (2.13)

and the boundary condition:

Sj = S at 1 o (2.14)

The fluid mobilities and consequently, the permeabilities are calculated from

the following equation that is obtained from Equation (2.5):
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J = (2.15)

where

Vi (2.16)

= "P (2.17)
V

yj and 1 are functions of only the fluid saturations and, thereby, 11. Our task then

reduces to experimentally determining the functional dependency of Sj, vj, and (D

on T1. We assume that the conditions for self-similarity prevail. Then from Equa-

tions (2.6) and (2.16) we obtain:

4j = fj (S1, S 2 ) (2.18)

Substitution of Equation (2.6) into Equation (2.5) shows that c also depends only

on fluid saturations. Therefore, for a self-similar system, S, Nj and 4) each depend

solely on r1.

Let Lj represent the cumulative pore volume of fluid j collected at the outflow

end (X = 1) of the porous medium. Then Vj is simply the derivative of the Lj vs.

Q curve where 71 = Q, the fractional flow of fluid j:

dLj
dt d_
d_ dj for T1 Q (2.19)

Vi dQ dQ
dt

The average saturation of fluid j between the injection point (x = 0) and x is:

X

f Sjdx'

=j o (2.20)

Upon differentiating Equation (2.20) we obtain:
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Sj + x ' (2.21)

Equation (2.21) relates the saturation at a particular point to the average saturation

between the point and the injection end of the core. Since Sj and, therefore, Sj

depends only on T1 this equation can be transformed in terms of the pore volumes

injected as:

S =S- d- (2.22)
dil

The average saturations in the core, S, can be obtained via mass balance:

Sj = SP + VI Q - Li (2.23)

where 'vj is the fraction of fluid j in the inflow stream. On substituting Equation

(2.23) into Equation (2.21) for 1 = Q we obtain:

S Sp- L dQ (2.24)
i J LJ+QdQ

or:

Si = S9° - Lj+ Qiv (2.25)

Equations (2.24) and (2.25) describe the Welge method for determining the

saturation at the down stream end of the core. Johnson et al. (1959) showed that the

pressure gradient at the end of the core is needed in order to determine the indivi-

dual relative permeabilifies at the saturation values. Since (D is also a function of

TI, it too can be obtained from the measurement of its average:

= D - T1 d. (2.26)

dil

At the end of the core X = 1, Ti = Q, the pore volumes injected. Hence, Equation

(2.26) simplifies for pressure drops measured between the two ends of the core:
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- d D (2.27)
dQ

Finally, Equation (2.15) is simplified for the zero gravity case and for using the

saturation and pressure gradients at the downstream end of the core:

f.
j = -(2.28)

Where fj is the fractional flow of phase j, and 0 is the normalized pressure gradient

at the end of the core. The application of the JBN method for determining the indi-

vidual relative perr---abilities can be used for a three-phase system, in the same way

it is used for a two-phase system.

2.4 Analysis Procedure

The analysis procedure for determining the individual phase relative permeabil-

ities and their corresponding saturations is similar to the two-phase procedure. This

procedure was presented for three phases by Grader and O'Meara (1988) and is

summarized here. The recovery of the three phases and the overall pressure drop

between the injection and the production ends of the core must be measured as a

function of time. The saturations and permeabilities are computed for the condi-

tions at the end of tA',e core. Figure 2.1 presents two synthetic recovery curves for

two of the three phases in the system. The solid dots represent breakthrough. The

Welge tangent construction method is described in this figure, similar to the method

presented by Jones and Roszelle (1978). For a certain value of pore volume of fluid

injected, the recovery of a given phase at the intersection of the tangent and the

recovery axis is the change in the saturation of that phase at the end of the core.

Note that there is no mathematical reason preventing this saturation change from

being negative, indicating an increase in the saturation of the phase. The slope of

the recovery curve with respect to the pore volume injected is the fractional flow
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Figure 2.1: Recovery of Two Phases Displaced by a Third Phase as a Function
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value for a phase. We use the tangent construction method for two phases, using the

individual recovery curves. The saturation of the third phase is determined using the

material balance equation as well as its fractional flow value. Hence, Equation 2.24

is used to evaluate Si at the end of the core.

Figure 2.2 presents the normalized pressure drop as a function of pore volume

injected (the pressure drop is divided by the flow rate). In some cases discussed in

the Chapter 7, the instantaneous flow rate was used, as the overall injection rate was

not constant. For a given value of pore volume injected, the tangent construction

method proposed by Johnson et al. (1959) (the JBN method) is applied. The inter-

section point of the tangent with the normalized pressure drop axis yields the value

of the spatial gradient of the normalized pressure drop at the downstream end of the

core. This local gradient at the downstream end of the core is then used in con-

junction with Equation (2.28) and the slope of the recovery curve to determine the

relative permeabilities of the three phases:

fj lcore 9i

k= J-[] (2.29)

kabs Acore lcore ax

Note that by using the definition of the similarity variable,

lcore = - _Q - (2.30)
ax dQ

This is clearly shown in Figure 2.2.
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Chapter 3

PROBLEM STATEMENT

The purpose of this research is to investigate the simultaneous motion of three

phases in porous media. A series of laboratory experiments are conducted in a

highly idealized environment, using; three immiscible fluids of similar densities and

interfacial tensions, and a horizontal one-dimensional glass bead pack. The objec-

tive of this work is to quantify and qualify immiscible three-phase relative per-

meabilities. This is achieved by performing experiments to determine three-phase

relative permeabilities using steady-state and non-steady-state methods, and by

applying the frontal advance three-phase theory in the mapping of the ternary

three-phase diagram.
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Chapter 4

EXPERIMENTAL APPARATUS

4.1 Apparatus Capabilities and Overview

The apparatus allows the performance of both steady-state and unsteady-state

multi-phase flow experiments. The possible types of experiments include:

a. one-phase injection

b. two-phase Penn-State steady-state

c. three-phase Penn-State steady-state

d. two-phase Welge dynamic classical displacement

e. three-phase Welge dynamic classical displacement

Specific core saturations can be obtained through these types of experiments. Fig-

ures 4.1 through 4.7 show the apparatus' capabilities through the relation of the

injected phase(s), initial core saturation, and resulting core saturation. The initials

of the water, decane, benzyl alcohol used in the apparatus represent the 100%

saturation points of the fluids on the ternary diagrams.

Single-phase injections and saturations are shown by figure 4.1. The open dots

are the injected phase and the resulting saturation of the core.

Two-phase final saturations are possible through the injection scenarios shown

in figures 4.2 through 4.4. Single-phase flooding into an existing single-phase

saturation is shown in figure 4.2. The open dots are the existing phase saturations at

the beginning of the flood and the solid dots represent the injected single-phase and
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Figure 4.1: Flooding Capabilities of the Apparatus; Single-Phase Injection
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Figure 4.2: Flooding Capabilities of the Apparatus; One-Phase into One-Phase
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Figure 4.3: Flooding Capabilities of the Apparatus; One-Phase into Two-Phases
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Figure 4.4: Flooding Capabilities of the Apparatus; Two-Phases into Two-Phases
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Figure 4.5: Flooding Capabilities of the Appardtus; One-Phase into Three-Phases
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F'ure 4.6: Flooding Capabilities ot the Apparatus; Two-Phases into Three-
Phases

D
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Figure 4.7: Flooding Capabilities of the Apparatus; Three-Phases into Three-
Phases
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the resulting two-phase saturations. Figure 4.3 diagrams the possibilities of a

single-phase, shown by a closed dot, being injected into a two-phase saturated core

and the resulting two-phase saturation, shown by an open dot. Two-phase satura-

tions can be changed by injecting different fractional flows of the two fluids. Fig-

ure 4.4 shows the two-phase saturation (open dot), being changed to a new two-

phase saturation, (closed dot).

Three-phase saturation paths are shown on figures 4.5 through 4.7. In figure

4.5, a three-phase saturation, shown by an open dot can be achieved by injection of

a single-phase, shown by a closed dot, into an existing two-phase or three-phase

saturation. Three-phase saturations can be achieved or altered as shown in figure

4.6 by the injection of a two-phase mixture into an existing two-phase or three-

phase saturation. Three-phase saturations can be altered by the injection of a new

three-phase mixture as shown in figure 4.7.

A schematic representation of the experimental equipment used is given in

Figure 4.8. Tubing is represented by thin lines. Valves are represented by dots.

Important equipment 's outlined by a bold line and described below. The fluid

pumps; water (1), decane (2), and benzyl alcohol (3), draw fluid from either a cen-

tral collection reservoir (4) or their individual fluid storage flasks. Each pump is

flanked by a pressure surge suppressor to its left and its fluid storage flask to the

right. The fluid injected into the system is kept below 20 psig by the use of a

pressure relief valve (6). When pressure testing the system, the pressure is moni-

tored up to 200 psig on the system pressure gauge (7). The pressure drop across

the core (8), is measured with a digital pressure transmitter (9). Prior to its first

flooding, the core is evacuated by a vacuum pump (10). Fluids leaving the core are

returned to the system reservoir (4) or collected in a fraction collector (5). The
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apparatus can be broken down into four major portions: 1. injection system, 2.

porous mediumrn/core holder, 3. collection system, and 4. pressure monitoring sys-

tem. A detailed description of each portion is presented in this chapter.

4.2 Fluids

The three phases in this experimental work are represented by three immiscible

liquids. The three liquids used are distilled water, benzyl alcohol (Phenyl

Methanol), and decane. Distilled water represents a water phase, benzyl alcohol

represents an oil phase, and decane represents a gas phase. The terms benzyl

alcohol and oil are used interchangeably, as is decane and gas. All fluid storage

vessels in the system contain all three liquids. Each pump has its own 2000 mL

glass storage flask. Each pump storage flask contains approximately 1000 mL of its

specified liquid and 500 mL of each of the other two liquids. The system reservoir

consists of a 250 mL graduated cylinder and contains varying amounts of each

liquid depending on the stage of the experiment currently being conducted.

Prior to each run the liquids in the storage vessels are circulated to allow

presaturation with each other. Presaturation avoids interphase mass transfer during

the run, and preserves the mass balance.

The physical properties used for these three liquids are contained in Table 4.1.

Table 4.1
Summary of Fluid Properties

fluid g. [cp] g. [cp] g [cp] p [g/ml] p [g/ml] p [g/ml]
15° c 20' c 25' c 15' c 20' c 25' c

decane 1.010 0.932 0.863 0.739 0.735 0.731
water 1.346 1.124 1.002 1.042 1.001 1.00

benzyl alcohol 5.83 4.943 4.217 0.992 1.026 1.022
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The benzyl alcohol value for density at 150 c is not consistent with the tem-

perature and is questionable. This has no effect as the experiments were conducted

at about 23' c in the range where density values are correct.

4.3 Injection System

Three constant rate pumps are used to inject the three different phases, one

pump for each phase. The pumps used are Beckman Model 110B Solvent Delivery

Modules. These are fluid metering pumps designed primarily for liquid chroma-

tography applications. Each module contains a single-piston pumping mechanism,

drive motor, and electronic circuitry in one cabinet. Each pump can deliver from

0.1 to 9.9 mL/min at pressures up to 6000 psi. A digital potentiometer allows

selection of specified flow rates in increments of 0.1 ml/min. A comparison of

actual versus specified flow rates is contained in the error analysis section, Chapter

6, and each pump flow rate is calculated before each experiment. The pumps can be

manually operated or remotely controlled by a suitable system controller. In this

research project the pumps are operated in the manual mode.

A valve system was constructed to allow the injection of one, two, or three

phases. This valve system is mounted on a 1-foot by 4-foot piece of 1/4-inch plexi-

glass sheeting to give the system rigidity. Each purp has a three-way inlet valve

that allows the pump to draw liquid from the pump's storage flask or from the sys-

tem reservoir (see figure 4.8). Downstream from each pump's outlet there is a

three-way pump outlet valve that allows the liquid to be returned to the pump's

storage flask or directed to the liquid selection valves leading to the core (see figure

4.8) . These liquid selection valves determine if the liquid is to be mixed with oth-

ers for multi-phase injection or to be used as the single-phase flooding liquid.
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Downstream of the liquid selection valves there is a four-way valve that allows

a circulation loop through the core and another simultaneous loop back to a pump

storage flask. The fractional flow compositions of the two loops are determined by

the liquid selection valves and the flow rates specified by the pumps. Turning the

four-way valve diverts the fluid from one loop to the other and vice versa. This

permits an uninterrupted interchange of flow from the multi-phase injection stream

to the single-phase flood stream at the start of the flood portion of the run.

A pressure relief valve (set to 20 psi) along with a pressure gauge (0-200psi),

points (6) and (7) on Figure 4.8, is installed just before the core/bypass inlet valve.

The pressure relief valve is a safety measure to protect the pressure transmitter from

possible damage due to over pressurization. The pressure gauge allows the system

pressure to be read during pressure testing. Both of these devices have valves

before them in order to isolate them from the system while the evacuated core is

being flooded. This eliminates air from entering the core during this critical flood.

All tubing used to connect the valves is either 1/8-inch stainless steel or 1/8-

inch teflon tubing. The valves used are Whitey® two, three, or four-way, 1/8-inch

swagelock® connecting valves. Between each pump outlet and the outlet control

valve is a filter assembly and a pressure surge suppressor. A 0.5-micron sintered

stainless-steel filter element is used in each filter assembly. Each surge suppressor

consists of a vertical, graduated glass bulb attached to the outlet stream by a tee and

1/4-inch adapter. Each bulb has an approximate volume of 6 mL. These suppres-

sors are partially filled with fluid and the fluid levels recorded before and after each

operation in the run.
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4.4 Porous Medium and Core Holder

The porous medium consists of a strongly water-wet glass bead pack enclosed

in a stainless steel core holder. The screen analysis of the number 8 glass beads

used in run 2, and the number 9 glass beads used in runs 3 through 8 are shown in

Table 4.2.

Table 4.2

Screen Analysis of Glass Beads

mesh size weight % no. 8 beads weight % no. 9 beads

+70 0.54% <0.02%

70-100 85.5% 72.8%

100-200 13.81% 27.2%

200-400 0.13% <0.02%

-400 0.02% 0.0%

Two core holders were constructed of 1-inch O.D. stainless steel pipe, each

36-inches long. One core is used in the apparatus at a time. The second core can

be prepared for the next run during slow periods. Figure 4.9 shows the pressure tap

and tubing configuration of the core. Holes for 1/8-inch stainless steel pressure taps

were drilled symmetrically along the core. These pressure taps are silver soldered

in place.

The ends of each core are milled flat. One-inch swagelock® caps seal the

ends of the core. Each cap had two holes drilled into it, one for the fluid stream
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inlet or outlet and the other as a pressure port. The stainless steel tubing (1/8 inch)

for the inlet or outlet duct and pressure port are silver soldered into these holes. A

fine-mesh brass screen wrapped around a disc of 3/16-inch thick sintered brass mat-

ting is placed in each core end cap between the end of the core and the core seat in

the cap. This screen and disc keeps the glass beads in the core while allowing

fluids to enter and leave the core with minimal pressure drop.

Three-way valves located just before and just after the core allow the core to

be bypassed. This allows the adjustment of fluid levels in the reservoir without

having to pass these fluids through the core.

Plexiglass® stands hold the bypass valves, core, and pressure tap valve mani-

fold in order to give these portions of the system rigidity.

4.5 Pressure Monitoring System

Six symmetrically placed pressure taps along the core, along with unions and

shut-off valves for each tap, make up the pressure tap manifold. Figure 4.9 shows

the numbering of the pressure taps along the core. The pressure tap manifold is

designed to allow the measurement of the pressure differential between an open

pressure tap along the core and the end of the core. A Paroscientific Model 1020-D

Digiquartz® Intelligent Transmitter is used to measure the pressure differential.

The transmitter is connected to a microcomputer by a RS232 serial port card. The

transmitter integrates the pressure readings over the sample time selected and

corrects for any temperature changes during the sample period. The transmitter also

has the capability to measure ambient temperature. Sampling speed (integration

time) is set by adjusting the baud rate and pressure resolution. The baud rate for all

experiments is set at 1200 and the pressure resolution is adjusted to change the

sampling rate. For core linearity measurements and dynamic displacement
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experiments the sample time is set at approximately one second. During steady-

state runs, the sampling time is set at approximately thirty seconds.

A BASIC program, (readpt.bas) contained in Appendix B, is used during

experiments to instruct the transmitter to measure the initial ambient temperature,

followed by continuous pressure readings. The program measures and records the

elapsed time from when the program is initiated until the measurements are taken.

When the program is given the stop command, the final temperature is measured.

All pressure, temperature, and corresponding time measurements are displayed on

the monitor and written to the microcomputer hard drive. A Paroscientific Model

710 LCD visual display is used to display the pressure data generated by the Model

1020-D transmitter.

4.6 Collection System

A three-way valve following the core/bypass outlet three-way valve, deter-

mines if the fluid stream is directed to the fractional collector during dynamic dis-

placement experiments or to the system reservoir during steady-state experiments.

An ISCO Retriever II fraction collector is used to collect the fluids during

dynamic displacement experiments. The Retriever II can collect fractions on the

basis of time (0.1 to 999 minutes), counted drops (1 to 9990 drops) or other

counted events (1-9990). For all runs, the time basis is used. The collection time

is set to either 5 minutes or 3 mir.ates. Tubes used for collection in the Retriever II

were 15 mL graduated centrifuge tubes. During a dynamic displacement when most

of the core fluids have been displaced, and only small amounts of displaced fluids

are being collected, the Retriever II collection method is replaced with hand

changed 100 mL centrifuge collection tubes.
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4.7 Additional Equipment

In addition to the major equipment described so far, a few auxiliary items and

pieces of equipment were required.

In order to evacuate gases from the core prior to initial flooding, a vacuum line

is connected by a tee between the core and the core/bypass outlet three-way valve

(see figure 4.8). In series, between the core outlet tee and the vacuum pump, are a

three-way valve, vacuum transducer, and 2000 mL vacuum flask. The three-way

valve permits the vacuum pump to evacuate the core, isolate the core from the

vacuum pump, or allow air into the evacuated flask. A Leybold Trivac "A" dual

stage rotary vane pump, model D2A, is used as the vacuum pump. A Hastings

vacuum gauge, model VT-6B, and vacuum tube, type DV-6R, is used to measure

the vacuum drawn on the vacuum system.

An IEC centrifuge, model HN-S II, is used to facilitate quicker separation of

phases collected during the dynamic displacement experiments.
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Chapter 5

EXPERIMENTAL PROCEDURE

5.1 System Core and Tubing Volume Determination

Prior to any experimental runs, the volumes of tubings and cores are deter-

mined. The core volumes are determined through linear measurements. The tubing

volumes and core end cap volumes are determined by injecting distilled water into

the tubing with a 3-mL syringe and reading the injected volume needed to fill the

tubing.

5.2 Pump Calibration

Actual pump flow rates for each pump are determined by measuring the

elapsed time, At, for a volume of fluid, V, to be displaced from the pump for a

variety of specified flow rates. The actual flow rate for a particular specified flow

rate is:

V
qact = At (5.1)

The specified flow rate versus actual flow rates for each pump are shown in Chapter

6.

5.3 Core Preparation

The #8 glass beads for run 2 were sieved, and the 70-100 mesh beads used for

the packing. All other runs used #9 glass beads that are washed in water, rinsed in

distilled water and dried in a core drying oven for 48-72 hours at 50 ' c.

The procedure used to pack the core is as follows:
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1. The weights of the empty core holder and flask containing the glass beads are

taken and recorded.

2. The outlet end of the core is capped, and the glass beads poured into the core

in 80 mL volume lifts. After each lift, a 3/4-in x 36-in aluminum rod is

inserted into the core to hold the beads in place. The core is then tapped

lightly up and down its length with a rubber headed hammer for several

minutes in order to settle and compact the beads uniformly.

3. The core is filled and tapped as described above until the beads are flush with

the top of the core. An additional mound of beads approximately 1/8-inch in

height is added to account for any additional settling. The inlet cap is then

screwed into place and tightened.

4. The weights of the full core holder and bead flask are again taken and

recorded. After final tightening of the end caps, the threaded joint on each end

cap, as well as each core/cap joint, is sealed with a fillet of vacuum grease.

5.4 Determination of Porosity

After each core is packed, and prior to conducting any experimental runs, the

core's porosity is determined. By definition

Vpore (5.2)

Vbulk

The pore volume of each core glass bead pack is determined as follows:

1. The core is first evacuated. This is accomplished by the following sequence of

events. The core is isolated from the rest of the apparatus by closing all of the

valves leading to the core. The valve leading from the core outlet to the

vacuum pump is opened, and the core is then evacuated to a vacuum of not
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greater than 100 microns of mercury. The vacuum pump normally runs over-

night te acheve this level of vacuum.

2. The apparatus is then set to flood the core with water while measuring the

volume of water needed to accomplisn the flood. This is accomplished by the

following sequence of events. The core inlet and outlet valves are set to

bypass. TiL. liquid selection valves are set for a water flood. The water surge

suppressor, pressure relief valve, and pressure gauge are isolated from the sys-

tem by closing the appropriate valves. All other valves are then set to a no-

flow position in order to minimize possible vacuum loss and/or fluid contami-

nation of the core. The reservoir is filled from the water flask via the bypass

with a minimum of one core bulk volume of water. This ensures that the injec-

tion tubing network contains only water and that there is enough water in the

reservoir to fill the core. The water pump feed valve is then set to draw water

from the reservoir so that a loop is establis. xd from the reservoir to the pump

through the bypass and back to the reservoir. The initial reservoir fluid levels

and tubing heights, and surge suppressor fluid \ ilumes are recorded.

3. The core is then flooded. This is accomplished as follows: Thc water pump

flow rate is -,t to 5.0 nmLmin. The vacuum valve is closed and the core inlet

valve is turned from bypass to the core, thereby pumping water from the reser-

voir into the evacuated core. The pumr is stopped at a volume several mL

from the predicted volume needed to fill the core, ana water is allowed to be

pulled through the pump by the remaining vacuum. Once the water level has

stabilized in the reservoir, the water surge valve is s' wly and carefully opened

to see if the reservoir water level drops indicating that a vacuum still remains.

If the level drops, water is pumped one mL at a time into the core and the
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surge test repeated until there is no further drop in the surge fluid level. The

core outlet valve is then opened and the system pressures and fluid levels

allowed to equilibrate.

4. The final reservoir and surge fluid levels, and tubing heights are recorded.

Tubing dispIhcement volume is determined by measuring the Fnear difference

between th,, initial and final fluid heights multiplied by the number of tubes

within the displaced zone and then multiplied by the cross-sectional area of the

tubing The pore volume is eL, al to the volume of the water that was

pumped, minus the dead volume of the core under vacuum, minus the tubing

displacement volume in the AH 20 displaced, minus the change in the surge

volume.

Vpore = AVH20- Vdead - Wtubing - AVsurge (5.3)

The porosity is then determined by the definition given in Equation (5.2).

5. After the final fluid readings are taken, approximately 40 mL of water from the

water flask is pumped through the core and into the fractiu,: collector outlet to

flush any fines from of the core. UnflusheJ fines could cause premature clog-

ging of the system's filters. The pressure tap manifold is then flushed and filled

witn water and the pressure transmitter connected.

5.5 Determination of Core Linearity

Horizontal steady-state linear flow through homogeneous porous media must

have a linear pressure drop along the length of the porous media. Core pressure

drop linearity is determined as follows:

1. Pressure transmitter sampie rate is set to one sample per second. Water pump

flow rate is set to less than the flow rate required to inject one pore volume
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per hour. The usual specified flow rate for linearity and absolute permeability

determinations is 2.0 mL/min.

2. The BASIC data recording program (readpt.bas) shown in Appendix B, is

started and pressure drops are recorded across the core at each tap until the

pressure stabilizes and a constant reading is observed. A normal recording

time is 3-5 minutes per tap. The glass bead pack is used for experiments if

the pressure drop across the core's pressure taps are within 10% of each other.

The pressure drops used for the test are across taps 2 and 3, AP2 _3 , taps 3 and

4, AP3_4 , and taps 4 and 5, AP4 _5 (see figure 4.9). As only pressures across a

specified tap and tap 6 can be measured, the equation

APa-b = APa_6 - Z "i- 6  (5.4)

is used to determine the pressure drop across the taps of interest.

5.6 Determination of Absolute Permeability

For horizontal steady-state linear flow it can be shown from Darcy's Law that

absolute permeability kabs is

kabs _ q g (5.5)

AP A

where;

q: water flow rate in mL/sec

gt: water viscosity in cp at the final run temperature

1: length of core in cm

AP: final pressure drop across the entire core in atm

A: cross-sectional area of core in cm 2
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5.7 Steady-State Experiments

Steady-state experiments are run to achieve specific core saturations and deter-

mine the effective and relative permeabilities at those saturations. A specific frac-

tional fluid flow is injected into the core until the same fractional flow is produced

from the core. Steady-state is assumed to be achieved at this point. Darcy's law is

used to determine the effective permeabilities and material balances are used to

determine the core saturations.

After the core characteristics are found, the core is brought to residual water

saturation through a steady-state oil flood. From residual water saturation, the core

is taken to a desired two-phase or three-phase saturation through a multi-phase

steady-state flood. All steady-state experiments follow essentially the same pro-

cedure, only the fractional flow of the injected fluids change from experiment to

experiment. The following procedure is used for steady-state floods.

1. The reservoir is charged, through the bypass, with enough of each fluid to

reach the desired core saturation without expending all of any of the reservoir

fluids being flooded.

2. The apparatus valves are adjusted so that the flooding fluids are looped from

the reservoir, to the pumps, through the multi-phase injection portion of the

fluid injection valve system, on through the bypass and back to the reservoir.

3. The pumps of the flooding fluids are set to achieve the desired fractional flow

rates. The pumps are run until the multiphase injection, bypass, and reservoir

rcturn tubings are filled with the new fraction of fluids. All fluid levels in the

reservoir and surge tubes, along with the tubing heights are taken and

recorded. These readings are called the initial readings.
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4. The pressure tap manifold valves are set to measure the pressure drop across

the entire core (taps 1 and 6 are the only open valves). The pressure

transmitter sampling rate is set. The rate used for all steady-state runs is one

sample each thirty seconds. The BASIC data recording program, (readpt.bas)

contained in appendix B, is begun and both core inlet and outlet valves are

simultaneously turned from bypass to core.

5. A minimum of three pore volumes of fluid is allowed to flow through the core.

The pressure and reservoir fluid levels are monitored. Once the pressure and

fluid levels have stabilized, steady-state is assumed to have been reached. The

pumps are shut off and all valves switched to the no-flow positions. All fluid

levels and tubing heights are again taken and recorded. These are known as the

final readings.

Saturations of the liquids and their effective and relative permeabilities are

then determined. The following quantities are defined and used to determine satura-

tions and permeabilities.

1. Fractional flow of fluid i, fi; where qi and qj are the actual individual fluid

flow rates and qt is the total flow rates of the pumps.

fi = q - qj (5.6)qt qi + qj

2. Tubing volume, Vtubing; where H1 and H2 are the top and bottom liquid inter-

face heights in the reservoir measured in cm, Atubing is the crc.;s- sectional area

of the tubing, and Ntube is the number of tubes,

Vtubing = ( H - H2 ) Atubing Ntubes  (5.7)

3. Initial and final fluid volumes; where Vreading is the raw reservoir fluid column
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volume reading in mL.

Vi - Vtop reading - Vbottom reading - Vtubing (5.8)

4. Change in surge volume;

AVsurge = Vsurge initial - Vsuge final (5.9)

5. Change in fluid volume;

AVi = Vi initial - Vi final - Vi tubing - AVi surge - (fiVdead) (5.10)

6. New core fluid volume, Vinewcore; where Viold,core is the fluid volume in the

core before the last flood,

Vi,new,core Vi.old,core - AV i  (5.11)

7. Core saturations, Si;

Si - inewcore (5.12)
Vpore

8. Effective permeability of each liquid at the final core saturation;

qi g.i 1
APA (5.13)

9. Relative permeability of each liquid at the final core saturation;

k = (5.14)

kr'-kabs

5.8 Dynamic Displacement Experiments

The dynamic displacement experiments are conducted to reduce the number of

experiments needed to map the saturation region. In all dynamic displacement

experiments a single phase is injected. Runs 2 and 3 end with a dynamic decane

flood to verify the results with previous work. Runs 4 and 5 end with a dynamic

water flood. In run 8, a dynamic decane flood is conducted prior to the dynamic
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water flood in order to compare with the results of run 8's earlier steady-state

experiments.

The following procedure is used for dynamic displacement experiments:

1. Steady-state flow through the core is established to reach the desired initial

core saturations. The injection into the core is through the four-way valve's

multiphase inlet and core injection outlet line. The valves for the single-phase

injecting fluid are set to establish a loop from the flask, through the pump, into

the four-way valve's single-phase inlet and flask return outlet, and then back to

the flask.

2. A minimum of 5 pore volumes of flooding fluid is established in the flooding

fluid flask. The specified flow rate of the flooding fluid pump is set to match

the total specified flow rate of the steady-state flow rate.

3. The pressure transmitter sampling rate is set to one sample per second. The

BASIC data collection program (readpt.bas, found in Appendix B) is started

and the fraction collector is set to the s' -cified sample rate. In all runs except

run 2, the fraction collector sampie rate is set to 3 minutes. The

reservoir/fraction collector selection valve is set to the fraction collector and at

least 6 mL of the steady-state fluid fraction is pumped through the line to

purge it.

4. The dynamic flood is started by simultaneously turning the four-way valve to

direct the single-phase flood to the core, advancing the fraction collector to the

first dynamic displacement collection tube, and recording the elapsed time

from the data collection program.

5. The 15 mL collection tubes are used until the displaced core fluid volumes can

no longer be read accurately. Normally this occurs when the oil volume is
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below 0.1 mL per tube. At this point the Retriever II fraction collector is shut

off and 100 mL centrifuge tubes are placed by hand to collect the fluid. The

empty and full weights of the 100 mL collection tubes and the elapsed collec-

tion time of each tube are recorded. The filled fraction collection tubes are

numbered and run through the centrifuge to separate the phases. The top fluid

level reading for each fluid is recorded for each tube. The total fluid volume

for the 100 mL tubes is determined by multiplying the weight difference of the

full and empty tube by the density of the displacing fluid.

Vt 100 mL tube = Awttube Pdiplacing fluid (5.15)

The total fluid volume for the 100 mL tubes may also be determined by multi-

plying the weight difference of the full and empty tube by the density of the

displacing fluid if the flow rate during the collection is constant and equal to

the calculated rate.

V100mLtube = qactual At (5.16)

5.9 Fractional Recovery Analysis

The raw fluid level data for each dynamic displacement experiment is used by

a FORTRAN analysis program (datafrac.f), listed in Appendix B, to determine the

actual fluid volumes in each tube, Vi , the cumulative individual fluid collected

volumes for each tube, Vti, the total cumulative fluid collected volume for each

tube, Vtt, the cumulative pore volumes recovered for each fluid, Ri, and the pore

volumes injected , Q. Pore volumes recovered are defined as

Ri = V(5.17)
Vpore

where Vti accounts for the fluid dead volumes in the core and tubing leading to the
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fraction collector.

n
Vti = XVi - fi Vdead (5.18)

Pore volumes injected are defined as

Vtt
Q = U (5 19)

Vpore

where

n
VtU = Vti (5.20)

The fluid recoveries are then plotted against the respective pore volume injected.

The pressure data is converted by another FORTRAN program (pvst.f), con-

tained in Appendix B, into the normalized pressure drop, (D, and plotted against the

pore volumes injected, Q. The normalized pressure drop is defined as

AP
D (5.21)qcalc

The program has the capability of averaging any specified number of the pressure

data points in order to smooth the curve. Another FORTRAN program (variq.f),

contained in appendix B, is a modified version of pvst.f that calculates the actual

flow rates during the collection time of a collection vessel by dividing the actual

collected volume by the time collected. This data is then used to determine the true

normalized pressure drop and the actual pore volumes injected. This program is

used if there is a varying flow rate during the dynamic flood experiment.
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Chapter 6

ERROR ANALYSIS

In this section, the errors in calculating the following four quantities are dis-

cussed:

1. Porosity

2. Saturation

3. Absolute Permeability

4. Relative Permeability

The general approximation for the error is:

A Ax i  (6.1)
i=l

where G = f(xl,x 2 ... xi).

6.1 Error Analysis for Porosity

The equation for porosity calculation is:

Vpore (6.2)

Vbulk

where

Vpore = AVH20 - Vdead - Vtubing - AVsurge (6.3)

Vpore = Vin,H20 - Vfinal,H20 - Vdead - Vtubing - Vin, surge + Vfinal,suge (6.4)
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6
Vpore = Vin.HO - Vfmal,HO - - AVd.d - Hin - Hfi t rt2 N - Vi.,surge + Vfin,srge

i=1

(6.5)

where rt is the tubing radius and N is the number of tubes in the domain that is

changing.

Vbulk = r2ore Lcore (6.6)

hence:

i.H20 - Val,H20 - YAVd~d - [ -[ H r,2 N - Vi,surge + Vfinal,surge]

Rre Lcre

(6.7)

The summation term for the dead volume has six different values. Hence, the sum-

mation is from I to 6. We will take the worst case of N = 4. We will compute

the individual errors, EVpore, and EVbutk; then we will compute the error in poros-

ity.

6

EVporC = EVi.,H20 + EVfinal,H20 + "EAVdead
i=l

+ 7 [t [~n+ E~i,1+ [Hfnl- Hn r*Et+ Eisurge +Efinal~surge

(6.8)

EVbulk =t [2 rcore lcore Ercore + r2e Elcore]  (6.9)

= + -- •EVbulk = E + uk (6.10)
Vbulk Vbulk2 Vpore Vbulk
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The individual E values are controlled by the measurement techniques, and given

below:

EVinH2O = 0.5 cc

EVfinaZH = 0.5 cc

EAVdead = 0.02 cc

EHin = 0.05 cm

EHfaj = 0.05 cm

Er, = 0.002 cm

EVinsurge = 0.01 cc

EVfinalsuge = 0.01 cc

Ercore = 0.002 cm

ElCOre = 0.002 cm

Typical measured values are:

Hi = 0.0 cm

Hfim, = 15.0 cm

r, = 0.3175 cm

rcore = 1.0895 cm

lcore = 91.46 cm
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= 0.38

Vbutk = 341.0cc

Vpoe = 134.0 cc

Applying the errors and typical values to Equations 6.8 and 6.9 yields:

EVpore = 0.5 + 0.5 + 6 • 0.02

+ 4 7E[1.08952 [0.05 + 0.05] + [15.0-0. 0] 2 1.0895 0.002]

+ 0.01 + 0.01 = 1.968 = 1.97 cc

EVbul = 7t [2. 1.0895 91.46 -0.002 + 1.08952 0.002]

= 1.259 = 1.26 cc

Substituting EVpore and EVbulk into Equation 6.10 yields typical porosity error:

EO = 0.38 1.97 + 1.26]134.---" 341 i.0

= 0.00699

In percentage units z 0.7% error.

6.2 Error Analysis for Saturation

There are two different procedures for saturation determination: the steady-

state and the non-steady-state. These two procedures are discussed next.

6.2.1 Error Analysis for Steady-State Saturations

The basic equation for average core saturations is:

Sj - VPOre (6.11)
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where Vi.ore is the volume of phase j in the core. Recall that EVpore = 1.97 cc.

Now:

Vj,core = Vj.oldcore- AVj,core (6.12)

Let us assume that for the first time fluid j is introduced to the core

Vj,olde = 0 + 0.0.

Therefore:

Vj,core - AV i  (6.13)

AVj = Vjtn - Vj.ftia - Vj,tubing - Vj.in.surge + Vjfnal,surge - fj Vdead (6.14)

This is very similar to the Equation 6.4 except for the fj term. Let us take fj at the

upper limit of 1. Then EVj core = EVpore = 1.97 at the upper limit of complete

phase displacement. Hence:

[ EVjcr EVporel

ESj = Sj o + Vpore  (6.15)
jicore VporeJ

Typical saturation values are 0.1 - 0.8 and typical Vj,,ore values are

134.0 0.1 - 134.0 .0.8 = 13.4 - 107.2.

Hence, for Si = 0.1

[1.97 1.971]
ESj =0.1 1. + ' = 0.0162 = 1.6%[ 13.4 13 4.01

For S. = 0.8

1.97 1.97 0

ESj =0.8 107.2 + 134. 0.0264 = 2.6%

In summary, ESj z 1%-3%. For cases that Vjiold~core * 0, the errors do not

simply add up as the same fluid is used over and over. For example, the first oil
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flood is done in a closed loop and Voil,oId,core = 0. Now, the second steady-state

oil-water flood (as in runs 2 aid 3) is done without adding fluids to the cycling

reservoir. Since the interfaces in the graduated cylinder are read in the same

fashion every time, the errors cannot accumulate for one-phase independently. If

the error increases for one phase it decreases for the other, hence, if the reading

technique is constant, the errors should stay constant at about 1-2%. If new condi-

tions are established in the cycling res,-,voir, the errors for phases existing in the

core should double.

6.2.2 Error Analysis for Non-Steady-State Saturations

The determination of the saturation error for this case is rather difficult. The

_,namic displacement saturation that we calculate using the Buckley-Leverett

theory is assigned to the ottput end of the core and given by:

Sj = Sjin + Rj- Q'- (6.16)

DRj

where Rj is the recovery in pore volumes of phase j, and - - Rj'. Let us

assume that ESj,in is of the same order of the error we had before = 1-2%. The

error in Rj depends on the number of tubes we read and the individual error in the

tubes. If we can reduce EVjtube = 0.1 cc then for the 15th tube (at about

1.2 - 1.5 PVI), EVjtotaI produced = 1.5 cc. This error can be reduced by knowing

the overall injected volume.

Since

- Vj'total Inoduced (6.17)
Vpore
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ERj = R, EV~to~aiproduced + V 1 (6.18)
Vpore Vporej

If a typical value for R, = 0.3 then:

ER = 0.3[ 1 .5 + 14 0.0156 1.6%Ej -" 0.3-3 134.0 t40

If the recovery is smaller, then the errors are smaller too.

The term Q (PVI) is:

Q Vinjttal Vprodto (6.19)

Vpore Wpore

and

QinEto t r (6.20)EQ = Q IV '-- + (6.20
L I1J10L3 -''.oreJ

The error in total fluid nroduced can be reduced to 0.5 cc, at about

1 PVI ( 150 cc), by considering pump rates and accumulaLions. At 1 PVI we use

about 10-15 tubes. If we use these tubes for a PVI calculation, then

EVprod.total = 1.0 - 1.5 cc. We will use EVprod otai= 0.5 cc. Hence:

EQ = 1.0 1 0.5 +. 1 = 0.0184 = 1.8%
134.0 134.0]

Typical slopes are on the order of 0.1 [fY -. The error in the slope is difficult

to assess as we are using eye construction. Let us assume that ERj = 0.01.

Hence:

ESj = ESj,in + ERj + Rj' EQ + Q ERj' (6.21)

ESj = (1%- 3%)+ 1.0%+(0.1) 1.8%+ 1 • 1% = 3.18%-5.18%
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This error varies based upon what stage of the flood it is computed tor, and can be

reduced by consistent fluid level measurements and overall material balance correc-

tions.

6.3 Error Analysis for Absolute Permeability

The error analysis for absolute permeability was documented by Obut (1989)

and is summarized here. The absolute permeability is given by:

kai, =q 4 1 (6.22)
A AP

The error is defined by:

Ekabs kabs Eq + E!+f +El A' P (6.23)[q p. I A AP]

The typical individual experimental measurements and their error values are:

q = 2.00 cc/min

Eq = 0.01 cc/min

p = 1.00 cp

Ep = 0.01 cp

1 = 90.00 cm

El = 0.02 cm

A = 3.729 cm 2

EA = 0.02 cm 2
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AP = 1.0 psi

)-AP = 0.001 psi

kb s -- 20 darcy

[ 0.01 0.01 0.02 0.02 0.011
Ekabs = 20.0 - +1--' + 90---O+ 37"- + l'I'

2.0 1.0 90.0 3.729 1.0J

= 0.612 darcy: or = 3% error

6.4 Error Analysis for Relative Permeability

In this project, steady-state and dynamic relative permeabilities are calculated.

We consider these two cases next.

6.4.1 Error Analysis for Steady-State Relative Permeability

The equation used for steady-state relative permeability of phase i is:

kr= (6.24)
kabs

The error is defined by:

Eki Ekabs 
(Ekr~i = kr,i -. + kasJ(6.25)

We assume that Eki = Ekabs as the ki equation is identical in format to the kabs

equation. If kyi = 0.1, Eki = 0.0375 darcy, and kabs = 20.0 darcy, then:

Ek,. = 0.1 0.612 + 0.612
10.0 20.0

= 0.009 or = 9%
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6.4.2 Error Analysis for Dynamic Relative Permeability

The Welge equation for the relative permeability as modified by Johnson, Bossler,

and Naumann, (JBN) is:

- kj I f1 I 1 fj I V (6.26)
kabs kabs 1 .p ks A (2

A -
q ax

where[ 1 - x = 0 is the distance between the intercept of the tangent with the
[q ax]

y-axis, as shown in Figure 2.1. Then:

Ekabs Efi E l E gi E A ED
Ek-j = 1 ,i - + +  + + - + E (6.27)

kabs fi I 4i A

Let us assume that E • [D] = 0.02 (D. The error in the fractional flow is the error

in the slope of the recovery curve. We assumed before that this error is on the

order of 1-2%. The error in the viscosity is about 1%. The error in the area is

about 0.1%. Hence:

Ekr,i k [0.0 187+ 0.01 + 0.002 + 0.01 + 0.006 + 0.021

= kri [0.068]

= 6%

The basic way to reduce this error is to reduce the error in the slopes.

6.5 Relative Error Analysis

The relative error does not consider constant errors that are added to the abso-

lute error. For example, the error in measuring kab does not have any effect on the
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individual dynamic relative permeability errors of Equation 6.27. Only the actual

measurements take part in the relative error. For example:

Er kr'i = kTi L + (6.28)

Hence:

Er k,i = kri [0.03]z 3%

These errors should be expected, and are reasonable in magnitude considering the

equipment used for this project.

6.6 Pump Flow Rates

The error for the pump flow rates is discussed in Section 6.3. Figures 6.1 through

6.3 are the relationships between the specified pump flow rates and the actual pump

flow rates. The fluid flow path used in the determination of these relations is the

following: flow from the fluid flask through the individual pump, through the core-

bypass and out the fractional flow collection outlet. The dots in these figures

represent the actual data points taken.
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Figure 6.1: Water Pump - Actual vs. Specified Flow Rates
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Figure 6.2: BA Pump - Actual vs. Specified Flow Rates



55

2.5 irIT I1

E
0

0)2

o2 1.5

Cu

E
M0 .
Cu

70decane pump set flow rate [cc/min]

Figure 6.3: Decane Pump - Actual vs. Specified Flow Rates
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Chapter 7

RESULTS

Nine experimental runs were conducted in this research. A run consisted of a

series of experiments using the same packed glass bead core. Run 1 was an equip-

ment familiarity run. In run 1, the apparatus contained only distilled water. Multi-

ple phase experiments began in run 2, consequently there are no multiphase results

from run 1.

Runs 2 and 3 were conducted to verify the apparatus. This was accomplished

by running dynamic decane flooding experiments under conditions similar to those

reported by Grader and O'Meara (1988). Run 2 was primarily a multiphase fami-

liarity run. Run 3 was a repeat of Grader and O'Meara's (1988) run 15.

Runs 4 and 5 were the first dynamic water flood runs. They were designed to

enter the ternary diagram in the interior region of the irreducible water iso-

saturation line. The objective was to provide insight into the general trends of

dynamic water floods and give a background for selecting subsequent runs.

Runs 6 and 7 were abandoned after initial water flooding because of non-linear

pressure drops across the glass bead pack.

Run 8 was designed to obtain data along the irreducible water iso-saturation

line. The initial steady-state experiments were conducted to travel up and down the

irreducible water iso-saturation line with the following objectives: to obtain a frac-

tional fluid flow ratio versus core saturation pl:ct, to examine the effects of hys-

teresis, to provide benzyl alcohol and decane relative permeabilities, and to provide

comparison with data obtained through dynamic displacement experiments. Run 8
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concluded with a dynamic water flood originating at irreducible water saturation and

residual oil saturation in the presence of decane. This provided data from a water

flood at the upper limit of decane saturation.

Run 9 was designed to obtain data along the two-phase water/benzyl alcohol

saturation line (0% decane saturation), and along the residual decane iso-saturation

line. These experiments provided data on the effect of decane in the system and

provided data from a water flood at the lower limit of decane saturation.

7.1 Three-Phase Decane Flood Experiments

This section discusses the results of experimental runs 2 and 3. These two

runs were used to test and fine-tune the apparatus. They were also used to validate

the apparatus by comparing the results with previous work. Tables A. 1 through A.4

in Appendix A summarize the fluid recovery data and relative permeability data of

these runs.

Figure 7.1 is the pressure profile of the core linearity check for run 2. The

plateaus in the profile show the pressure drop between the labeled core taps. In this

linearity test each tap along the core was opened for 100 seconds. There is an

unexplained discrepancy in this profile as the pressure drop between taps 2 and 6

cannot be lower than the the drop between 3 and 6. The core is not completely

linear as there is not equal drop between the three equally spaced taps, 2-3, 3-4, and

4-5. The run was continued despite this nonlinearity just to gain familiarity with the

equipment and to use the data as a comparison. There was no attempt to use this

run for verification saturation mapping.

Figures 7.2 and 7.3 show the recovery curves for the benzyl alcohol and the

water with the injected decane. The initials of the recovered fluids identify the
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recovery curves. The dots on the figures are the actual data points representing the

data from each collection vessel. The data for these figures is found in Table A.1.

Figure 7.2 shows the entire recovery curves for all three phases, while Figure 7.3

enlarges the recovery curves of the water and alcohol. Breakthrough of the decane

occurred at approximately 0.06 pore volumes Iajected as shown by he departure of

the decane recovery curve from the x-axis at this point. The smooth transitions of

both the water and alcohol curves ifter breakthrough indicate there is no fluid bank

develop,:-' .'or either of these fluids during the flood and there will be little to no

saturation shock jump. Why this condition developed is unclear and normally is

related to fluid bypassing the glass bead pack along the interface of the case and

glass bead pack.

The saturation history of this run is shown in Figure 7.4. The glass bead pack

was flooded with water (1), then flooded to residual water saturation with benzyl

alcohol (2), and brought to a core saturation (3) of 49% water and 51% alcohol by

a steady-state 1:1 water-benzyl alcohol flood. The saturation trajectory of the

dynamic decane flood is shown by points (3) to (5). The Buckley-Leverett shock is

shown by the jump from point (3) to point (4). The continuous saturation trajectory

after breakthrough is shown by the line from point (4) to point (5). The dots along

the trajectory are the saturations calculated at various pore volumes injected. The

data for these points are contained in Table A.2 in Appendix A. The saturation tra-

jectory was determined using the dynamic displacement trajectory technique

presented in Chapter 2.

The flow-rate normalized pressure drop versus the pore-volumes injected plot

is shown as Figure 7.5. The pressure was normalized to the single calculated actual

flow set on the decane pump. The sample rate was set at one sample per second
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and one hundred data points were averaged to make one point on the graph.

Figure 7.6 is the pressure profile of the core linearity check for run 3. The

plateaus of the profile show the pressure drop between the labeled core taps. In this

linearity test each tap along the core was opened for 5 minutes (300 seconds).

Sample time was one second. The core had a maximum pressure difference of

8.2% between zones AP3_4 and AP4-_5. Other differences were 6.7% between AP2 _3

and AP3_4, and 0.9% between AP 2 _3 and AP4 _5.

Figures 7.7 and 7.8 show the recovery curves for the benzyl alcohol and the

water with the injected decane. The initials of the recovered fluids identify the

recovery curves. The dots on the figures are the actual data points representing the

data from each collection vessel. This data is contained in Table A.3 of Appendix

A. Figure 7.7 shows the entire re covery curves for all three phases, while Figure

7.8 enlarges the recovery curves of the water and alcohol. Breakthrough of the

decane occurred at approximately 0.5 pore volumes injected as shown by the depar-

ture of the decane recovery curve from the x-axis at this point. The abrupt decline

of the slope of both the water and alcohol curves at breakthrough indicate there is

no fluid bank developed for either of these fluids during the flood, however, there

will be a significant Buckley-Leverett saturation shock.

The saturation history of this run is shown in Figure 7.9. The glass bead pack

was flooded with water (1), then flooded to residual water saturation, SrW, with ben-

zyl alcohol (2), and brought to a core saturation (3) of 63.6% water and 36.4%

alcohol by a steady-state 10:1 water-alcohol flood. The saturation trajectory of the

dynamic decane flood is shown by points (3) to (5). The Buckley-Lcverett shock is

shown by the jump from point (3) to point (4). The continuous saturation trajectory

after breakthrough is shown by the line from point (4) to point (5). The dots along
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Figure 7.9: Satuiation History and Trajectories; Run 3.
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the trajectory are the saturations calculated at various pore volumes injected. This

data is contained in Table A.4 of Appendix A.

The flow-rate normalized pressure drop versus the pore-volumes injected plot

is shown as Figure 7.10. The pressure was normalized to the single calculated

actual flow set on the decane pump. The pressure sample rate was one sample per

second. Every one-hundred pressure points were averaged and plotted to make the

pressure profile.

The water, oil and decane relative permeabilities for runs 2 and 3 are shown in

semi-logarithmic plots in Figures 7.11 through 7.13. The dots on the curves are

the actual data points calculated at various pore volumes injected. These data are

contained in Tables A.2 and A.4 of Appendix A. Different sizes of glass beads

were used between runs 2 and 3. Larger, size 8, glass beads were used for run 2.

The resulting larger pore spaces and larger absolute permeability may account for

the increase in oil and decane relative penneabilities and the resulting decrease in

water relative permeability.

The saturation trajectory and relative permeability trends of run 3 are con-

sistent with the work of Grader and O'Meara (1988).

7.2 Two-Phase Water-Benzyl Alcohol Relative Permeability Experiments

The first portion of run 9 was dedicated to determining the two-phase relative

permeabilities of a water-benzyl alcohol system. The run then goes on to determine

the water-benzyl alcohol relative permeabilities at residual decane saturation.

Tables A.5 through A.10 in Appendix A contain summaries of the data from this

run.

Figure 7.14 is the pressure profile of the core linearity check for run 9. The
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plateaus of the profile show the pressure drop between the labeled core taps. In this

linearity test each tap along the core was opened for five minutes (300 seconds).

Sample time was one second. The core had a maximum pressure difference of

4.6% between zones AP 2 _3 and AP4 _5. Other differences were 0.95% between

AP2-3 and AP3...4 , and 3.7% between AP3._ and AP4 _5.

The dynamic water displacement experiment to determine the water-benzyl

alcohol relative permeabilities was run twice. The saturation history of the first

experiment is shown in Figure 7.15. The glass bead pack was flooded with water,

point (1), then flooded to residual water saturation, S, = 8.9 %, with the oil phase

(benzyl alcohol) point (2). The oil saturated core was then dynamically water

flooded to residual oil saturation (4), Sro = 11.6 % . Core-end oil saturation at

breakthrough of the Buckley-Leverett shock was S. = 44.7 %, point (3). The dots

along the trajectory are the saturations calculated at various pore volumes injected.

These data are contained in Table A.5 of Appendix A.

Figure 7.16 shows the recovery curve for the benzyl alcohol and the injected

water. The initials of the recovered fluids identify the recovery curves. The dots

on the figures are the actual data points representing the data from each collection

vessel. These data are contained in Table A.6 of Appendix A. Breakthrough of the

water occurred at approximately 0.625 pore volumes injected as shown by the

departure of the water recovery curve from the x-axis at this point. The abrupt

decline of the slope of the alcohol recovery curve at breakthrough indicates that no

oil bank developed during the flood and accounts for the Buckley-Leverett satura-

tion shock jump seen on the ternary saturation trajectory diagram, Figure 7.15.

The pressure drop normalized to a fixec Iow rate versus the pore volumes

injected plot is shown as Figure 7.17. The pressure was normalized to the single
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calculated actual flow set on the water pump. The pressure sample rate was one

sample per second. Every one-hundred pressure points were averaged and plotted

to make the pressure profile. A drop in the injection flow rate caused the sudden

drop in pressure at approximately 1.2 pore volumes. This is believed to be due to a

sudden sealing of the water supply flask stopper. This in turn hindered makeup air

from entering the flask creating a vacuum and slowing the flow rate of the pump.

The fixed flow rate used to calculate the normalized pressure drop could not com-

pensate for this and therefore the dip in curve -esulted. The FORTRAN program,

pvst.f, used to calculate the ( versus Q data, was upgraded to correct this problem.

This updated FORTRAN program (variq.f) contained in appendix B, calculates the

actual flow rates for e,ch collection period by dividing the the actual collected

volume by the time collected. This data was then used to determine the true nor-

malized pressure drop and the actual pore volumes injected. The results of this

program's analysis is shown in Figure 7.18 and then plotted with the fixed-flow rate

normalized pressure drop plot in Figure 7.19. As seen in Figure 7.19 the corrected

plot is slightly above the fixed flow-rate plot, also, the corrected normalized pres-

sure drop curve is much smoother than the uncorrected curve.

The two-phase water-benzyl alcohol relative permeabilities of this first

dynamic water flood are shown in Figure 7.20. The relative permeabilities were

calculated using the variable flow-rate normalized pressure data. The dots on the

curves are the actual data points calculated at various pore volumes injected. These

data are contained in Table A.5 of Appendix A.

A second dynamic water flood experiment of the oil saturated core at irreduci-

ble water saturation was conducted to determine the effect of the flow-rate drop

seen in the first dynamic water flood experiment. Figure 7.21 shows the saturation



80

I-r[if nI i i -frIr I fn i ll f- i ll f-i i-l-

0

C-4 0

_ __-_ _ _ _ I,

CL

-_ _ _ _ _. -S

00

0€

0 2

Go to

-- a



81

CL

m6- 0
C14 Irl

dojpeinsaid ezilmi0



82

1

0.9

>, 0.8
BA W

S0.7

00.6
E
4) 0.5

0) 0.4

0.3

L0.2

0.1

00 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.

water saturation
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history leading to the dynamic water flood and the saturation trajectory during the

flood. The core was taken from residual oil saturation, point (1) Sro = 8.45 %, at

the end of the first water flood, to irreducible water saturation, point (2)

Srw = 9.44 %, by an oil flood. The core was then dynamically water flooded with

breakthrough, point (3), occurring at Sw = 42.9 %. The flood ended at residual oil

saturation, point (4) So = 9.16 %. These data are contained in Table A.7 of

Appendix A.

Figure 7.22 shows the recovery curve for the benzyl alcohol and the injected

water. The initials of the recovered fluids identify the recovery curves. The dots

on the figures are the actual data points representing the data from each collection

vessel. These data are contained in Table A.8 of Appendix A. Breakthrough of the

water occurred at approximately 0.625 pore volumes injected as shown by the

departure of the water recovery curve from the x-axis at this point. The abrupt

decline of the slope of the alcohol recovery curve at breakthrough indicates that no

oil bank developed during the flood and accounts for the Buckley-Leverett satura-

tion shock jump seen on the ternary saturation trajectory diagram (Figure 7.21).

The pressure drop normalized to a fixed flow rate versus the pore volumes

injected plot is shown as Figure 7.23. The pressure was normalized to the single

calculated actual flow rate set on the water pump. The pressure sample rate was

one sample per second. Every one-hundred pressure points were averaged and plot-

ted to make the pressure profile. The normalized pressure was recalculated using

the FORTRAN program variq.f (contained in Appendix B), and the data plotted in

Figure 7.24.

The two-phase water-benzyl alcohol relative permeabilities of this second

dyihamic water flood are shown in Figure 7.25. The relative permeabilities were
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calculated using the variable flow rate normalized pressure data shown in Figure

7.24. The dots on the curves are the actual data points calculated at various pore

volumes injected. These data are contained in Table A.7 of Appendix A. A com-

parison of run 9's two-phase water-oil relative permeability data from the first and

second dynamic water flood is shown in 7.26. Curves A and D are the second

water flood's relative oil permeabilities and relative water permeabilities respec-

tively, while curves B and C are the first water flood's relative oil permeabilities

and relative water permeabilities respectively.

The last phase of run 9 consisted of a third dynamic water flood but at residual

decane saturation. Figure 7.27 shows the saturation history leading to this third

dynamic water flood and the saturation trajectory during the flood. The core was

taken from 100% water saturation, point (1) prior to flood 1, to irreducible water

saturation, point (2) S, = 9.44 %, through the series of water and oil floods out-

lined in the description of dynamic water floods 1 and 2. The glass bead pack was

then brought to point (3) by a steady-state decane flood, Sd = 74.8 %, and then

back to point (4) by a steady-state oil flood. Point (4) represents residual water,

Srw 9.5 %, and residual decane, Srd = 8.1 %, in the presence of oil,

So = 82.4 %.

The third dynamic water flood was conducted with breakthrough (5) occurring

at SW = 33.8 %, and a continuous saturation trajectory at residual decane satura-

tion from point (5) to point (6), S, = 83.6 % and Sr, = 8.29 %. Decane was not

produced during this flood. These data are contained in Table A.9 of Appendix A.

Figure 7.28 shows the recovery curve for the benzyl alcohol and the injected

water. The initials of the recovered fluids identify the recovery curves. The dots

on the figures are the actual data points representing the data from each collection



90

1

0.9

>0.8 A

•0.7

0.6-
E
0 0.5B
C-
W 0.4D

1 0.2

0.1

0 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

water saturation

Figure 7.26: Relative Permeability Comparison;
Run 9 - First and Second Dynamic Water Floods.
A = Oil Relative Permeability, Second Dynamic Flood
B = Oil Relative Permeability, First Dynamic Flood
C = Water Relative Permeability, First Dynamic Flood
D = Water Relative Permeability, Second Dynamic Flood



91

DECANE
100

3.

50 50

6 5 4

100 100
WATER 50 OIL

Figure 7.27: Saturation History and Trajectories; Run 9 - Third Dynamic Water
Flood



92

qL.

Ia)

E

00

cm -i

CL-

o 04

0 00

(Ad) AJGAO3eJ



93

vessel. These data are contained in Table A.10 of Appendix A. Breakthrough of

the water occurred at approximately 0.54 pore volumes injected as shown by the

departure of the water recovery curve from the x-axis this point. The abrupt and

continuous decline of the slope of the alcohol recovery curve at breakthrough indi-

cates that no oil bank developed during the flood and accounts for the Buckley-

Leverett saturation shock jump seen on the ternary saturation trajectory diagram,

Figure 7.27.

The plot of pressure drop normalized to a fixed flow rate versus the pore

volumes injected is shown as Figure 7.29. The pressure was normalized to the sin-

gle calculated actual flow set on the water pump. The pressure sample rate was one

sample per second. Every one-hundred pressure points were averaged and plotted

to make the pressure profile. The normalized pressure was recalculated with the

actual varying injected flow rate using the FORTRAN program (variq.f) contained

in Appendix B. This data is shown in Figure 7.30. A comparison of the two cal-

culated normalized flow rates is shown in Figure 7.31. The agreement of the pres-

sure profiles is much better than the comparison of pressure profiles in the first

water flood shown in Figure 7.19. This is because the flow rates in the third water

flood are more consistent and closer to the calculated fixed flow rate of the water

pump. This shows that the fixed flow rate analysis used in subsequent data presen-

tations is valid as long as there is no significant deviation from the predicted pump

flow rate.

The two-phase water-benzyl alcohol relative permeabilities measured at resi-

dual decane saturation during the third dynamic water flood are shown in Figure

7.32. The relative permeabilities were calculated using the variable flow rate nor-

malized pressure data shown in Figure 7.30. The dots on the curves are the actual
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data points calculated at various pore volumes injected. These data are contained in

Table A.9 of Appendix A. A comparison of run 9's two-phase water-oil relative

permeability data from the second dynamic water flood and from the third water

flood at residual decane saturation is shown in Figure 7.33. Curves A and C are the

seccnd water flood's oil relative permeabilities and water relative permeabilities,

respectively, while curves B and D are the third water flood's oil relative per-

meabilities and water relative permeabilities, respectively. As expected, relative

permeabilities of the oil and water are lower in the third water flood because of the

presence of residual decane. Note also, the oil relative permeability is reduced

more significantly then the water relative permeability by the presence of residual

decane saturation.

7.3 Two-Phase Benzyl Alcohol-Decane Relative Permeability Experiments

The first portion of run 8 was designed to determine the two-phase relative

permeabilities of a benzyl alcohol-decane system at residual water saturation. This

was accomplished through a series of steady-state experiments and a dynamic

decane flood. The run concluded with a dynamic water flood of the glass bead

pack at residual water saturation and residual oil saturation in the presence of

decane.

Figure 7.34 is the pressure profile of the core linearity check for run 8. The

plateaus of the profile show the pressure drop between the labeled core taps. In this

linearity test each tap along the core was opened for five minutes (300 seconds).

Sample time was one second. The core had a maximum pressure difference of

9.4% between zones AP2 _3 and AP 4 5. Other differences were 3.0% between AP 2 _3

and AP3_4 , and 6.6% between AP3 _4 and AP,-,_.
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The overall saturation path of run 8 is shown in Figure 7.35. The glass bead

pack was flooded with water, point (1), then flooded to residual water saturation

with the oil phase (benzyl alcohol), point (2). The oil saturated core was then

brought to point (3) by a series of steady-state decane/oil floods, called the drainage

series. Point (3) represents residual water saturation and residual oil saturation in

the presence of decane. The glass bead pack was then brought down to residual

water saturation and residual decane saturation in the presence of oil, point (4), by a

series of decane/oil floods in the reverse sequence of fractional flow rates that made

up the drainage series of experiments. The series of experiments from point (3) to

point (4) is called the imbibition series. To complete the run the glass bead pack

was brought back to residual water saturation and residual oil saturation in the pres-

ence of decane, point (5), and then dynamically water flooded to point (6).

Figure 7.36 shows the saturation history of the steady-state drainage series of

experiments from run 8. Table 7.1 lists the saturations of each point, the fractional

flow ratios and actual specified flows that were used to reach the point, and the

relative permeabilities at the point. Figure 7.37 plots the fractional flow of oil and

the resulting glass bead pack saturations obtained from the results of these steady-

state drainage series experiments at residual water saturation. The solid dots are the

actual calculated data points. These data are contained in Table 7.1 .

The relative permeability data for oil and decane versus oil saturation from

these drainage series of experiments is plotted in Figure 7.38. The solid dots are

the actual calculated data points from each experiment and are contained in Table

7.1.

Figure 7.39 shows the saturation history of the steady-state imbibition series of

steady-state experiments from run 8. Table 7.2 lists the saturations of each point,
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Table 7.1

Summary of Run 8 Drainage Experiments

point fde : foil qdec :q 0 i km kd So Sd Sw

[mLmin] % % %

1 0:1 0.0: 2.0 0.852 0.0000 94.53 0.00 5.47

2 1:1 1.0 :1.0 0.430 0.0870 74.90 20.40 4.70

3 2:1 1.0 :0.5 0.319 0.1296 66.56 27.12 5.92

4 4:1 1.2 : 0.3 0.227 0.1839 57.19 35.88 6.13

5 19:1 1.0 : 0.1 0.119 0.2440 46.14 49.20 4.66

6 20:1 2.0 : 0.1 0.074 0.2900 37.38 57.48 5.14

7 1:0 2.0 : 0.0 0.000 0.4410 18.98 75.97 5.05
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Table 7.2

Summary of Run 8 Imbibition Experiments

point fdec : foil qdec : qoil km krd So Sd Sw

[mL/min] % % %

1 1:0 0.0 2.0 0.000 0.4410 18.98 75.97 5.05

2 20:1 1.0 :1.0 0.098 0.3770 43.31 51.69 5.00

3 10:1 1.0 : 0.5 0.144 0.2904 48.78 46.26 4.96

4 4:1 1.2 : 0.3 0.226 0.1816 58.00 37.98 4.02

5 2:1 1.0 : 0.1 0.310 0.1256 67.26 28.63 4.11

6 1:1 2.0 : 0.1 0.341 0.0686 72.18 24.81 3.01

7 0:1 2.0 : 0.0 0.490 0.0000 78.81 18.06 3.12
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the fractional flow ratios and specified flow rates that were used to reach the point,

and the relative permeabilities at the point. The relative permeability data for oil

and decane versus oil saturation from these imbibition series of experiments is plot-

ted in Figure 7.40. The solid dots are the actual calculated data points from each

experiment. The comparison of the drainage (small dots) and imbibition (large

dots) relative permeabilities is shown in Figure 7.41. Figure 7.41 shows relatively

unchanged values for benzyl alcohol relative permeabilities, while the decane curves

show some hysteresis effects by shifting their slopes.

The run 8 two-phase decane-benzyl alcohol experiments at residual water

saturation concluded with a decane flood of the glass bead pack at residual water

saturation, residual decane saturation in the presence of oil. The saturation trajec-

tory of this experiment is projected in Figure 7.42. The starting point of the

dynamic decane flood is point (1) representing residual water saturation,

Srw = 3.1 %, and residual decane saturation, Srd = 18.1 %, in the presence of oil.

The Buckley-Leverett shock breakthrough occurred at point (2), Sd = 22.1 %, the

saturation trajectory continues until point (3) representing residual water saturation,

Srw = 3.1 %, and residual oil saturation, So = 14.7 %, in the presence of decane.

The dots are the actual calculated data points from the decane flood experiment and

are contained in Table A. 11 contained in Appendix A.

Figures 7.43 and 7.44 show the recovery curves for the benzyl alcohol with

the injected decane. The initials of the recovered fluids identify the recovery

curves. The dots on the figures are the actual data points representing the data from

each collection vessel. These data are contained in Table A.12 of Appendix A.

Figure 7.43 shows the entire recovery curves for both phases, while Figure 7.44

enlarges the recovery L;urve of the benzyl alcohol. Breakthrough of the decane
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occurred at approximately 0.02 pore volumes injected as shown by the departure of

the decane recovery curve from the x-axis at this point. The smooth transition of

the benzyl alcohol curve after breakthrough indicates that no oil bank developed

during the flood and accounts for the small saturation shock jump seen in moving

from point (1) to point (2) on Figure 7.42.

The plot of pressure drop normalized to a fixed flow rate versus the pore

volumes injected is shown as Figure 7.45. The pressure was normalized to the sin-

gle calculated actual flow set on the decane pump. The pressure sample rate was

one sample per second. Every one-hundred pressure points were averaged and plot-

ted to make the pressure profile. Figure 7.46 is an enlargement of the early portion

of Figure 7.45. As seen in Figures 7.43 and 7.44, breakthrough occurred very

early at 0.02 pore volumes injected. Figure 7.46 makes it easier to evaluate the

slope of the normalized pressure drop curve when determining relative permeabili-

ties.

The two-phase decane-benzyl alcohol relative permeabilities measured at resi-

dual water saturation obtained from the drainage (small dots) and imbibition (large

dots) series of steady-state experiments and the dynamic decane flood are shown in

Figures 7.47 and 7.48. The steady-state data points are the stand alone points

while the relative permeability points calculated from the dynamic flood data are

connected by a curve. The dynamic flood relative permeabilities were calculated

using the fixed flow rate normalized pressure data shown in Figures 7.45 and 7.46.

The dots on the curves are the actual data points calculated at various pore volumes

injected. These data are contained in Table 7.1 and 7.2 in this chapter and A. I1 of

Appendix A. The oil relative permeabilities are approximately the same in both the

steady-state and dynamic floods, where as the decane relative permeabilities are
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consistently higher in the steady-state experiments. The reason for the disparity in

the decane relative permeabilities is unclear and requires more research.

7.4 Three-Phase Water Flood Experiments

This section discusses the results of the three-phase dynamic water flood

experiments. These are conducted in runs 4 and 5, and at the conclusion of run 8.

This series of runs is designed to map the interior region of the ternary diagram.

This is attempted by making a series of water floods originating from several points

spaced along the residual water saturation line at varying decane and benzyl alcohol

(oil) saturations.

Figure 7.49 is the pressure profile of the core linearity check for run 4. The

plateaus of the profile show the pressure drop between the labeled coie taps. In this

linearity test each tap along the core was opened for 5 minutes (300 seconds).

Sample time was one second. The core had a maximum pressure difference of

7.2% between zones AP2 _3 and AP4. 5. Other differences were 1.6% between AP 2 _3

and AP3_4, and 5.7% between AP3-4 and AP4 _5.

Figures 7.50 and 7.51 are the run 4 recovery curves for benzyl alcohol and

water with the injected decane. The initials of the fluids identify the recovery

curves. The dots on the figures are the actual data points representing the data from

each collection vessel. These data are contained in Table A.13 of Appendix A.

Breakthrough of the water occurred at approximately 0.39 pore volumes injected as

shown by the departure of the water recovery curve from the x-axis and the abrupt

changes in the slopes of the decane and benzyl alcohol recovery curves. The almost

vertical increase of the slope of the alcohol recovery curve at breakthrough indicates

that an oil bank developed during the flood. The tangent to the recovery curve has



121

CDC

00

CDC

com

(!sd (0p issi



122

00

F__------- nCD

" (Ad) Aj " °0

X~aAOaa

m m uunm m . . ... . .. .. . .............. ....-



123

0

0 U

0
CL.

in Cf) C0
ci_ _ _ _ 6_ o;c

(Ad) AGA03.



124

a negative y-intercept which indicates an increase in core-end oil saturation at

breakthrough. The zero slope of the decane recovery curve after breakthrough indi-

cates that the decane was removed from the core with piston like displacement

down to a residual decane saturation prior to breakthrough and, therefore, no decane

was produced after breakthrough.

The saturation history of run 4 is shown in Figure 7.52. The glass bead pack

was flooded with water, point (1), then flooded to residual water saturation,

Srw = 0.99 %, with the oil phase (benzyl alcohol) at point (2). The core at residual

water saturation was flooded in a steady-state experiment using a specified frac-

tional flow of 10:1 decane to oil to point (3). The saturations at point (3) are

Sd = 49.5 %, So = 49.5 %, and S, = 1.0 %. The glass bead pack was then

dynamically water flooded. Core-end oil saturation at breakthrough of the Buckley-

Leverett shock was So = 85.0 %, point (4). The line from point (4) to point (5)

represents the continuous saturation trajectory between breakthrough and the final

flood conditions at residual oil and decane saturations. The points are the satura-

tions calculated at various pore volumes injected. These data are contained in

Table A.14 of Appendix A. The jump in oil saturation values at breakthrough as

predicted by the recovery curve of Figure 7.51 is clearly obvious in the oil satura-

tion jump from point (3) to point (4) in Figure 7.52.

The pressure drop normalized to a fixed flow rate versus the pore volumes

injected plot for run 4's dynamic water flood is shown as Figure 7.53. The pressure

was normalized to the single calculated actual flow set on the water pump. The

pressure sample rate was one sample per second. Every one-hundred pressure

points were averaged and plotted to make the pressure profile.

Figure 7.54 is the pressure profile of the core linearity check for run 5. The
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Figure 7.52: Saturation History and Trajectories; Run 4.
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plateas of the -rofile shiow the pressure drop between the labeled core taps. In this

linearity test each tap along the core was opened for 5 minutes (300 seconds).

Sample time was one second. The core had a maximum pressure difference of

4.2% between zones AP2 _3 and AP4_5. Other differences were 3.9% between AP2 _3

and AP3_4 , and 0.4% between AP3_4 and AP4_5.

Figures 7.55 and 7.56 are the run 5 recovery curves for benzyl alcohol and

decane with the injected water. The initials of the fluids identify the recovery

curves. The dots on the figures are the actual data points representing the data from

each collection vessel. These data are contained in Table A.15 of Appendix A.

Breakthrough of the water occurred at approximately 0.46 pore volumes injected as

shown by the departure of the water recovery curve from the x-axis and the very

abrupt changes in the slopes of the decane and benzyl alcohol recovery curves. The

almost vertical increase of the slope of the alcohol recovery curve in Figure 7.56 at

breakthrough indicates that an oil bank developed during the flood. The tangent to

the recovery curve has a negative y-intercept which indicates an increase in core-

end oil saturation at breakthrough. The zero slope of the decane recovery curve

after breakthrough indicates that the decane was removed from the core with piston

like displacement down to a residual decane saturation prior to breakthrough and

hence, none was produced after breakthrough.

The saturation history of run 5 is shown in Figure 7.57. The glass bead pack

was flooded with water, point (1), then flooded to residual water saturation,

Srw = 2.1 %, with the oil phase (benzyl alcohol) at point (2). The core at residual

water saturation was steady-state flooded with a specified fractional flow of 20:1

decane to oil to point (3). The saturations at point (3) are Sd = 58.5 %,

s o = 39.4 %, and Srw = 2.1 %. The glass bead pack was then dynamically water
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Figure 7.57: Saturation History and Trajectories; Run 5.
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flooded. Core-end oil saturation at breakthrough of the Buckley-Leverett shock was

S. = 82.8 %, point (4). The line from point (4) to point (5) represents the con-

tinuous saturation trajectory between breakthrough and the final flood conditions at

residual oil and decane saturations. The dots are the saturations calculated at vari-

ous pore volumes injected. These data are contained in Table A.16 of Appendix A.

The oil bank saturation jump predicted by the recovery Curve of Figure 7.56 is

clearly obvious in the oil saturation jump from point (3) to point (4) in Figure 7.57.

This trajectory, and that in Figure 7.52, differ in two ways from the water flood of

the two-phase water-oil experiment at residual decane saturation in run 9, shown in

Figure 7.27. The first difference is that there is a Buckley-Leverett jump along the

constant decane saturation line in Figure 7.27, and the Buckley-Leverett shock in

Figures 7.52 and 7.57 occurs along the residual water saturation line. This means

that there is a continuous saturation trajectory along the residual decane saturation

line in Figures 7.52 and 7.57. Along this line there can be continuous relative per-

meability measurements. In Figure 7.27 the Buckley-Leverett jump prohibits a con-

tinuous measurement of relative permeabilities. The second difference is that the

residual decane saturation line in Figure 7.27 is lower than the residual decane

saturation lines in Figures 7.52 and 7.57.

The pressure drop normalized to a fixed flow rate versus the pore volumes

injected plot for run 5's dynamic water flood is shown as Figure 7.58. The pressure

was normalized to the single calculated actual flow set on the water pump. The

pressure sample rate was one sample per second. Every one-hundred pressure

points were averaged and plotted to make the pressure profile.

Oil relative permeabilities calculated from the data of the dynamic water floods

of runs 4 and 5 are plotted in Figure 7.59. Water relative permeabilities calculated
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Figure 7.59: Oil Relative Permeabilities; Runs 4 and 5.
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from the data of the dynamic water floods of runs 4 and 5 are plotted in Figure

7.60. As can be seen from these two figures, there is a very good match of the

permeability data from runs 4 and 5. Figure 7.61 shows the oil and water relative

permeabilities from the dynamic water floods of runs 4 and 5 in the conventional

Cartesian plot of relative permeabilities. The points in Figures 7.59 through 7.61

are the actual relative permeability values obtained from the data at various pore

volumes injected. The data for Figures 7.59 through 7.61 is listed in Table A.14

and A. 16 of Appendix A.

As discussed in Section 7.3, the final portion of run 8 was a dynamic water

flood of the glass bead pack .Tom the initial conditions of residual water and oil

saturations in the presence of decane down to the final conditions of residual oil and

decane in the presence of water. The initial and final points of this dynamic water

flood where shown to be points (5) and (6) respectively on Figure 7.35.

Figures 7.62 and 7.63 are the run 8 dynamic water flood recovery curves for

benzyl alcohol and decane with the injer water. The initials of the fluids iden-

tify the recovery curves. The dots on the figures are the actual data points

representing the data from each collection vessel. These data are contained in

Table A.17 of Appendix A. Breakthrough of the water occurred at approximately

0.56 pore volumes injected as shown by the departure of the water recovery curve

from the x-axis and the very abrupt change in the slope of the decane recovery

curve. The small increase of the slope of the alcohol recovery curve at breakthrough

indicates that a small oil bank developed during the flood. The tangent to the

recovery curve has a negative y-intercept which indicates a slight increase in core-

end oil saturation at breakthrough. As with the recovery curves of the decane in

runs 4 and 5, the zero slope of the decane recovery curve after breakthrough indi-
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cates that the decane was removed from the core with piston like displacement

down to a residual decane saturation prior to breakthrough, and therefore, no decane

was produced after breakthrough. It should be noted that the oil bank formed in

runs 4 and 5 is more significant than the bank of run 8.

The saturation history of run 8's dynamic water flood is shown in Figure 7.64.

T1 - glass bead pack was taken from the final conditions of residual oil and water in

the presence of decane after the run 8 dynamic decane flood, point (1), to residual

oil and decane saturation in the presence of water, point (3) through a dynamic

water flood. Core-end oil saturation at breakthrough of the Buckley-Leverett shock,

point (2), was So = 20.7 %. The line from point (2) to point (3) represents the

continuous saturation trajectory between breakthrough and the final flood conditions

at residual oil and decane saturations. The small oil bank saturation increase

predicted by the recovery curve of Figure 7.63 is seen in the oil saturation jump

from point (1) to point (2). No decane was produced between points (2) and (3).

The dots represent the saturations calculated at various pore volumes injected.

These data are contained in Table A. 18 of Appendix A.

The pressure drop normalized to a fixed flow rate versus the pore volumes

injected plot for run 8's dynamic water flood is shown as Figure 7.65. The pressure

was normalized to the single calculated actual flow set on the water pump. The

pressure sample rate was one sample per second. Every one-hundred pressure

points were averaged and plotted to make the pressure profile. The very small

slope of the curve after breakthrough corresponds to the very little amount of oil

produced after breakthrough.
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7.5 Unacceptable Core Linearity Runs

Runs 6 and 7 were not continued after initial core flooding because of core

linearity problems. Figure 7.66 is the pressure profile of the core linearity check for

run 6. The plateaus of the profile show the pressure drop between the labeled core

taps. In this linearity test each tap along the core was opened for five minutes (300

seconds). Sample time was one second. The core had a maximum pressure

difference of over 400% between zo,,ec D2-3 and AP 4 _5. This exceeded the

allowed 10% difference.

Figure 7.67 is the pressure profile of the core linearity check for run 7. The

plateaus of the profile show the pressure drop between the labeled core taps. In this

linearity test each tap along the core was opened for five minutes (300 seconds).

Sample time was one second. The core had a maximum pressure difference of over

220% between zones AP2 _3 and AP4 _5 . This exceeded the allowed 10% difference.

The permeability nonlinearity of these packs is probably caused by settling of

the glass beads and fluid bypassing the glass bead pack along the pack/case inter-

face. This explanation is further substantiated by the following two observations.

While flowing water through the core, tapping the core lightly produced a reduction

in the pressure differential read out, this could be caused by unsettling the glass

bead pack. When the cores were opened to remove the glass beads and clean the

core, there was a void approximately 1/4-inch deep at the upstream end of the core,

this would have allowed the glass bead packs to expand and unsettle.
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Chapter 8

DISCUSSION

8.1 Verification

The initial portion of the research is concerned with decane flooding and the

verification of previous work. This work is accomplished in runs 2 and 3. The

uncertainty in the linearity of the core used in run 2 (see Figure 7.1), resulted in run

3 being used to verify the apparatus. Run 3 reproduced results and trends of

Grader and O'Meara (1988). The initial core saturation of run 3 is very close to

run 15 of the work reported by Grader and O'Meara (1988). The saturation trajec-

tory of run 3 (Figure 7.9) indicates a good match with the saturation trajectory of

their (1988) run 15. This comparison of saturation trajectories is shown in Figure

8.1. In Figure 8.1, the saturation trajectories of run 3 and Grader and O'Meara's

run 15 are represented by curves A and B respectively.

8.2 Apparatus

The apparatus is capable of the flexibility that was designed into it. Both

steady-state and non-steady-state experiments are conducted under a variety of

injected fluid scenarios. The apparatus showed the ability to reproduce results. An

example of this is seen by the repeat of run 9's first dynamic water flood in the

second run 9 water flood. The comparison of the relative permeabilities of these

two runs (Figure 7.26), the comparison of the pressure drops normalized to the vari-

able flow rate (Figures 7.18 and 7.24), and the comparison of the recovery curves

(Figures 7.16 and 7.22) indicate close agreement.
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Some limitations shown by the apparatus are seen in the inability to obtain a

continuous three-phase recovery curve. This differs from the pressure recovery

curve where a data point is obtainable every second with very good resolution. The

pressure recovery curve is nearly continuous. A source of error and a bottleneck in

the data analysis is the fact that the data analysis is not automated. Recovery curve

and normalized pressure curve slopes are taken by hand. Future improvements to

the apparatus should include the addition of these modifications to expedite the

analysis and also reduce some of the error associated with hand analysis.

Achieving uniform packing of the glass bead core is the most difficult step in

the experimental procedure. The acceptable linear pressure drop of an individual

core did not mean that the core is the same in terms of porosity and absolute per-

meability as other cores. This variance among the cores should account for most of

the difference between similar terms calculated in different runs. It cannot account

for the difference of similar terms calculated within the same run, i.e. using the

same core. Table A.19 of Appendix A lists some of the core characteristics of each

run.

8.3 Exploratory Findings

The dynamic water floods of runs 4, 5, 8, and 9 are the new areas of investiga-

tion conducted by this research. The objective of mapping relative permeabilities in

the interior region of the three-phase ternary diagram is not achievable through

dynamic water floods. The flooding of the glass bead pack at residual water satura-

tion and several combinations of decane and benzyl alcohol saturation, resulted in

the development of an oil bank and subsequent bypassing of the interior region of

the ternary diagram during the flood. As can be seen on the dynamic flood

recovery curves of runs 4 and 5 (Figures 7.51 and 7.56), the water flood displaced



149

the decane to its dynamic reskdr~ saturai",, Rt breakthrough The Buckley-

Leverett oil saturation jump at breakthrough, caused by the development of the oil

bank, can be seen on the saturation trajectories of runs 4 and 5 (Figures 7.52 and

7.57). Figures 7.52 and 7.57 clearly show that the interior region of the ternary

diagram is bypassed.

During the water flood and the development of the oil bank prior to break-

through, two saturation shocks did not develop as may have been expected. The

water saturation behind the oil front is continuous, in other words, at breakthrough

both oil and water are produced. The results did not show 100% oil production fol-

lowed by the appearance of water. Figures 8.2 through 8.4 show the core saturation

profiles at breakthrough for runs 4, 5 and 8 respectively. The data for Figures 8.2,

8.3 and 8.4 are contained in Tables A.14, A.16, and A.18, respectively. It may

appear in Figure 8.2 that a water shock developed. This is not the case, however, as

the recovery data in Table A.13 shows that a small amount of water is produced at

breakthrough. The resolution of the graph is such that one cannot see the water

saturation increase until the dimensionless position of 0.72. The increased initial

saturation of the benzyl alcohol may be the cause of the apparent lack of initial

water production in run 4. Figures 8.2 through 8.4 show that a significant oil bank

is developed, even in the case of Figure 8.4 where the water flood was initiated at a

low benzyl alcohol saturation.

The development of the oil bank, and the resulting increase in oil saturation at

breakthrough in runs 4 and 5, enabled the relative permeabilities to be measured

along a continuous saturation trajectory. This is in contrast to the water flood

experiment at residual decane saturation conducted in run 9. This experiment had a

jump in the saturation trajectory along the residual decane saturation line resulting
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Figure 8.2: Core Saturation Profile at Breakthrough; Run 4
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in the inability to dynamically measure the relative permeabilities in that region.

These differences can be seen in the saturation trajectories shown in Figures 7.27,

7.52 and 7.57.

Of interest in the comparison of the dynamic water floods of run3 4 and 5 with

the water flood of the core at residual decane saturation in run 9, is the difference

between the end decane saturations. The residual decane satu ation arrived at by

steady-state flooding in run 9 is lower than the dynamic residual decane saturation

achieved by water flooding in runs 4 and 5. This is seen in Figures 7.52 and 7.57

when compared to Figure 7.27. It is unclear if this is a phenomenological

occurrence, or if it is due to experimental error.

There are minimal hysteresis effects in the comparison of the relative per-

meabilities at residual water saturation in the drainage and imbibition series of

steady-state experiments and the drainage dynamic decane flood. As seen in Fig-

ure 7.48, the oil relative permeabilities are not noticeably different in any of the

runs, whether determined by steady-state or dynamic experiments. The decane rela-

tive permeability curve differed slightly in slope during the drainage and imbibition

series of steady state experiments as seen in Figure 7.41. When compared with the

dynamic flood, the decane relative permeability curves maintained their relative

shapes and slopes, but are positioned slightly above the dynamic flood generated

curve. This can be seen in Figure 7.47.

Run 9 showed some shifting of the water and benzyl alcohol relative permea-

bility curves when decane is present at residual saturation. As shown in Figure

7.33, the relative permeability curves of both the water and benzyl alcohol in the

piesence of residual decane (B and D) dropped below the curves generated when

just the water and benzyl alcohol are present (A and C). This lower curve shifting
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in the presence of decane is expected. The oil curve showed a more pronounced

shift than did the water curve in the presence of residual decane. The reason for

the increased shift in the oil curve over the water curve is unknown.

8.4 Questions Raised From the Research

Several major questions arose from the project's findings. Future work needs

to be done on determining the reason for the development of the oil bank and why

there is a change in the residual decane saturation between dynamic and steady-state

water floods. Work needs to be done to see if there is some fluid flow mechanism

that is responsible for these observations.

The interior of the ternary diagram could not be mapped with dynamic water

floods. A topic of future work will be to determine how to map this interior region.

Steady-state experiments may be required.

8.5 Implications

The extension of the VAa-phase theory to three phases is validated by the exact

graphical matching of the core-end saturation change between the displaced decane

and the oil bank in the dynamic water floods of runs 4 and 5. Examination of Fig-

ure 7.51, the expanded recovery curve of run 4's dynamic water flood, is an exam-

ple of this validation. The y-intercept of the tangent to the oil recovery curve at

breakthrough is -0.36, this represents a saturation increase of 36% in the benzyl

alcohol. The extension of the flat decane recovery curve intercepts the y-axis at

0.36, this indicates a decrease in decane saturation of 36%. The saturation changes

are equal, the decane is replaced by the benzyl alcohol. In addition, the independent

flow-rate portion of the theory is validated by the unintentional flow-rate change

seen in the first two dynamic water floods of run 9. As seen in Figure 7.19, the
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normalized pressure profile is not affected by flow-rate changes if they are incor-

porated into the calculation of (D. The inclusion of the flow rate in the normalized

pressure drop, (D, is permitted only in the cases were gravity effects are neglected.

This research provides directions for future mapping of the three-phase

diagram. If the phenomenon of a self-sharpening oil bank is true, it will have an

impact on oil recovery. It may be beneficial to increase the gas saturation in the

reservoir prior to a water flood in order to facilitate the development of an oil bank.
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Chapter 9

CONCLUSIONS AND RECOMMENDATIONS

An experimental investigation of the simultaneous motion of three phases

within porous media is conducted with the purpose of quantifying and qualifying

immiscible three-phase relative permeabilities. This research is exploratory in

nature and intended to indicate trends, provide a background for further research,

and generate generic data for use in any field or discipline dealing with the flow of

three phases through a porous medium.

It is found that the interior region of the three-phase ternary diagram cannot be

mapped with dynamic water floods when starting at residual water saturation. It is

discovered during water floods originating along the residual water iso-saturation

line, that an oil bank develops in front of the advancing water front and drives the

decane out of the core with piston-like dislacement, bypassing the interior region of

the diagram. This will have an impact on the future directions taken in mapping

the three-phase diagram and may have ramifications in the area of oil recovery.

Grader and O'Meara's extension of the two-phase Welge and JBN dynamic

diAplacement theories to three-phases appears valid. This is shown by the equivalent

saturation changes of the decane and benzyl alcohol graphically determined in the

dynamic water flood recovery curves of runs 4 and 5.

Directions indicated for future investigation by this research include:

0 Perform the experiments, and determine the saturations using the CAT scanner.

The independent saturation determination will provide the ultimate validation

of the extension of the Welge/JBN theory.



157

* Attempt to map the interior region of the three-phase diagram by originating

the dynamic water flood from a point in the the three-phase diagram where

mobile water exists. Conduct dynamic oil floods in an attempt to enter the

interior of the diagram. Utilize steady-state experiments to reach saturations in

the interior of the diagram unreachable by dynamic floods.

* Conduct more research in the area of the hysteresis experienced during water

floods conducted at and above steady-state residual decane saturation.

* Examine the effects of a consolidated core using the same fluids used in the

glass bead pack experiments.

" Introduce an actual gas phase, such as nitrogen, into the idealized glass bead

packed core and determine the effects of the differing interfacial tensions of

the fluids on relative permeability-saturation relationships.
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Table A.1
Fractional Collection Analysis Summary;

Run 2

tube tube tube tube cum. cur. cuM. totl oil water decane PVI
no. oil water decane oil water decane fluid rec. rec. rec.

vol. vol. vol. vol. vol. vol. vol. (PVI) (PVI (PVI)

(cc) (cc) (cc) (cc) (cc) (cc) (cc)

1 4.10 2.97 0. 4.10 2.97 0. 7.07 0.03 0.02 0. 0.05
2 4.75 4.05 1.95 8.85 7.02 1.95 17.82 0.07 0.05 0.01 0.13

3 4.30 3.80 2.65 13.15 10.82 4.60 28.57 0.10 0.08 0.03 0.21
4 3.90 3.70 2.80 17.05 14.52 7.40 38.97 0.13 0.11 0.05 0.29
5 3.85 2.85 3.80 20.90 17.37 11.20 49.47 0.16 0.13 0.08 0.37

6 2.80 2.10 5.80 23.70 19.47 17.00 60.17 0.18 0.14 0.13 0.45
7 1.60 2.05 7.35 25.30 21.52 24.35 71.17 0.19 0.16 0.18 0.53
8 1.05 2.15 7.60 26.35 23.67 31.95 81.97 0.20 0.18 0.24 0.61

9 1.10 1.95 7.90 27.45 25.62 39.85 92.92 0.20 0.19 030 0.69
10 0.95 1.75 8.30 28.40 27.37 48.15 103.92 0.21 0.20 0.36 0.77

11 1.00 1.30 8.60 29.40 28.67 56.75 114.82 0.22 0.21 0.42 0.85
12 0.80 1.15 8.85 30.20 29.82 65.60 125.62 0.22 0.22 0.49 0.93
13 0.80 1.00 9.05 31.00 30.82 74.65 136.47 0.23 0.23 0.55 1.01
14 0.80 0.90 9.15 31.80 31.72 83.80 147.32 0.24 0.24 0.62 1.09
15 0.62 0.78 9.40 32.42 32.50 93.20 158.12 0.24 0.24 0.69 I.A7
16 0.62 0.78 9.55 33.04 33.28 102.75 169.07 0.25 0.25 0.76 1.25
17 0.69 0.56 9.70 33.73 33.84 112.45 180.02 0.25 0.25 0.83 1.34
18 0.45 0.55 9.90 34.18 34.39 122.35 190.92 0.25 0.26 0.91 1.42
19 0.78 0.42 9.80 34.96 34.81 132.15 201.92 0.26 0.26 0.98 1.50

20 0.60 0.35 9.95 35.56 35.16 142.10 212.82 0.26 0.26 1.05 1.58
21 0.40 0.35 10.15 35.96 35.51 152.25 223.72 0.27 0.26 1.13 1.66

22 0.52 0.33 9.95 36.48 35.84 162.20 234.52 0.27 0.27 1.20 1.74
23 0.60 0.35 10.05 37.08 36.19 172.25 245.52 0.28 0.27 1.28 1.82
24 4.60 2.10 93.30 41.68 38.29 265.55 345.52 0.31 0.28 1.97 2.56

25 3.20 1.80 95.00 44.88 40.09 360.55 445.52 0.33 0.30 2.68 3.31
26 1.45 1.45 97.10 46.33 41.54 457.65 545.52 0.34 031 3.40 4.05
27 1.60 1.15 97.25 47.93 42.69 554.90 645.52 0.36 0.32 4.12 4.79
28 0.59 0.02 99.39 48.52 42.71 654.29 745.52 0.36 032 4.86 5.53
29 1.25 0.14 98.61 49.77 42.85 752.90 845.52 0.37 0.32 5.59 6.28
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Table A.2
Relative Permeability Analysis Summary;

Run 2

PVI So  S, Sd kr.o kr.w kr.d

0.5 0.3984 0.1635 0.4381 0.1005 0.0324 0.0857

0.75 0.3669 0.2810 0.3941 0.0625 0.0207 0.0999

1.0 0.3479 0.3185 0.3566 0.0463 0.0136 0.1074

1.25 0.3249 0.3470 0.3281 0.0346 0.0100 0.1168

1.5 0.3134 0.3725 0.3141 0.0308 0.0089 0.1240

1.75 0.2989 0.3980 0.3031 0.0245 0.0078 0.1310

2.0 0.2814 0.4155 0.3031 0.0184 0.0079 0.1323

2.5 0.2724 0.4560 0.2716 0.0105 0.0079 0.1346

3.0 0.2649 0.4970 0.2381 0.0144 0.0049 0.1450

4.0 0.2469 0.5445 0.2086 0.0105 0.0031 0.1690

5.0 0.1909 0.6350 0.1741 0.0026 0.0016 0.1850
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Table A.3
Fractional Collection Analysis Summary;

Run 3

tube tube tube tube cur. cuM. cuM. total oil water decane PVI
no. oil water decane oil water decane fluid rec. rec. rec.

vol. vol. vol. vol. vol. vol. vol. (PVI) (PVI (PVI)
(cc) (cc) (cc) (cc) (cc) (cc) (cc)

1 0.89 6.93 0. 0.89 6.93 0. 7.82 0.00 0.05 0. 0.06
2 1.20 10.70 0. 2.09 17.63 0. 19.72 0.02 0.14 0. 0.15
3 1.20 10.70 0. 3.29 28.33 0. 31.62 0.03 0.22 0. 0.25
4 1.15 10.70 0. 4.44 39.03 0. 43.47 0.03 0.30 0. 0.34
5 1.25 10.55 0. 5.69 49.58 0. 55.27 0.04 0.39 0. 0.43

6 130 10.30 0.10 6.99 59.88 0.10 66.97 0.05 0.47 0.00 0.52
7 0.35 1.45 10.05 7.34 61.33 10.15 78.82 0.06 0.48 0.08 0.62
8 0.30 1.25 10.30 7.64 62.58 20.45 90.67 0.06 0.49 0.16 0.71
9 0.30 1.00 10.70 7.94 63.58 31.15 102.67 0.06 0.50 0.24 0.80

10 0.20 1.00 10.80 8.14 64.58 41.95 114.67 0.06 0.50 0.33 0.90
11 0.20 0.80 10.95 8.34 65.38 52.90 126.62 0.07 0.51 0.41 0.99
12 0.18 0.72 11.10 8.52 66.10 64.00 138.62 0.07 0.52 0.50 1.08

13 0.18 0.62 11.15 8.70 66.72 75.15 150.57 0.07 0.52 0.59 1.18
14 0.19 0.53 11.23 8.89 67.25 86.38 162.52 0.07 0.53 0.67 1 27
15 0.24 0.47 11.19 9.13 67.72 97.57 174.42 0.07 0.53 0.76 1.36
16 0.19 0.44 11.37 9.32 68.16 108.94 186.42 0.07 0.53 0.85 1.46
17 0.18 0.41 11.36 9.50 68.57 120.30 198.37 0.07 0.54 0.94 1.55
18 0.15 0.37 11.43 9.65 68.94 131.73 210.32 0.08 0.54 1.03 1.64
19 0.19 0.32 11.39 9.84 69.26 143.12 222.22 0.08 0.54 1.12 1.74
20 0.18 0.32 11.50 10.02 69.58 154.62 234.22 0.08 0.54 1.21 1.83
21 0.18 0.31 11.46 10.20 69.89 166.08 246.17 0.08 0.55 1.30 1.92
22 0.20 0.29 11.56 10.40 70.18 177.64 258.22 0.08 0.55 1.39 2.02
23 0.15 0.34 11.51 10.55 70.52 189.15 270.22 0.08 0.55 1.48 2.11
24 0.21 0.29 11.55 10.76 70.81 200.70 282.27 0.08 0.55 1.57 2.21
25 0.35 0.22 11.48 11.11 71.03 212.18 294.32 0.09 0.56 1.66 2.30

26 3.20 1.10 93.20 14.31 72.13 305.38 391.82 0.11 0.56 2.39 3.06
27 2.60 0.70 94.60 16.91 72.83 399.98 489.72 0.13 0.57 3.13 3.83
28 1.55 0.50 95.85 18.46 73.33 495.83 587.62 0.14 0.57 3.87 4.59
29 1.41 0.24 96.25 19.87 73.57 592.08 685.52 0.16 0.57 4.63 536
30 1.14 0.30 94.06 21.01 73.87 686.14 781.02 0.16 0.58 5.36 6.10
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Table A.4
Relative Permeability Analysis Summary;

Run 3

PVI So  Sw Sd kro kr,w k.d

0.525 0.3250 0.2360 0.4390 0.0176 0.0172 0.0866

0.75 0.3150 0.2060 0.4790 0.0143 0.9133 0.0996

1.0 0.3140 0.1960 0.4900 0.0120 0.0103 0.1104

1.25 0.3140 0.1670 0.5190 0.0100 0.0069 0.1190

1.5 0.3140 0.1560 0.5300 0.0105 0.0056 0.1258

1.750 0.3150 0.1440 0.5410 0.0120 0.0046 0.1323

2.0 0.3150 0.1270 0.5580 0.0126 0.0037 0.1394

3.0 0.3520 0.'000 0.5480 0.0235 0.0019 0.1520

4.0 0.3090 0.0900 0.6010 0.0234 0.0013 0.1761

5.0 0.2640 0.0680 0.6680 0.0105 0.0004 0.2040
- - .... I ..
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Table A.5
Relative Permeability Analysis Summary;

Run 9 - First Dynamic Water Flood

PVI So  Sw Sd kr,o kr,w kr,d

0.625 0.4468 0.2786 0.0 0.5532 0.1767 0.0

0.750 0.4048 0.2343 0.0 0.5952 0.2132 0.0

1.000 0.3398 0.1968 0.0 0.6602 0.2992 0.0

1.250 0.3008 0.1578 0.0 0.6992 0.3372 0.0

1.500 0.2748 0.1371 0.0 0.7252 0.3713 0.0

1.750 0.2408 0.1076 0.0 0.7592 0.4210 0.0

2.000 0.2118 0.0829 0.0 0.7882 0.4622 0.0

2.250 0.1988 0.0695 0.0 0.8012 0.4848 0.0

2.500 0.1758 0.0534 0.0 0.8242 0.4957 0.0

3.000 0.1508 0.0389 0.0 0.8492 0.5334 0.0

4.000 0.1158 0.0113 0.0 0.8842 0.5746 0.0
4.
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Table A.6
Fractional Collection Analysis Summary

Run 9 - First Dynamic Water Flood

tube tube tube tube cur. cuM. cur. total oil water decane PVI1
no. oil water decane oil water decane fluid rec. rec. rec.

vol. vol. vol. vol. vol. vol. vol. (PVI) (PVI (P'v)

(cc) (cc) (cc) (cc) (cc) (cc) (cc)

1 2.38 0. 0. 2.38 0. 0. 2.38 0.02 0. 0. 0.02
2 6.70 3. 0. 9.08 0. 0. 9.08 0.07 0. 0. 0.07

3 6.50 0. 0. 15.58 0. 0. 15.58 0.12 0. 0. 0.12

4 6.55 0. 0. 22.13 0. 0. 22.13 0.17 0. 0. 0.17
5 6.70 0. 0. 28.83 0. 0. 28.83 0.22 0. 0. 0.22
6 6.50 0. 0. 35.33 0. 0. 35.33 0.27 0. 0. 0.27

7 6.60 0. 0. 41.93 0. 0. 41.93 0.32 0. 0. 032
8 6.75 0. 0. 48.68 0. 0. 48.68 0.37 0. 0. 037
9 6.50 0. 0. 55.18 0. 0. 55.18 0.42 0. 0. 0.42

10 6.80 0. 0. 61.98 0. 0. 61.98 0.47 0. 0. 0.47

11 6.70 0. 0. 68.68 0. 0. 68.68 0.52 0. 0. 0.52

12 6.80 0. 0. 75.48 0. 0. 75.48 0.57 0. 0. 0.57
13 6.00 0.80 0. 81.48 0.80 0. 82.28 0.62 0.00 0. 0.62
14 3.35 3.45 0. 84.83 4.25 0. 89.08 0.64 0.03 0. 0.67
15 1.65 4.95 0. 86.48 9.20 0. 95.68 0.66 0.07 0. 0.73
16 1.30 5.30 0. 87.78 14.50 0. 102.28 0.67 0.11 0. 0.78

17 1.20 5.50 0. 88.98 20.00 0. 108.98 0.67 0.15 0. 0.83
18 1.15 5.60 0. 90.13 25.60 0. 115.73 0.68 0.19 0. 0.88
19 1.10 5.65 0. 91.23 31.25 0. 122.48 0.69 0.24 0. 0.93

20 0.96 5.74 0. 92.19 36.99 0. 129.18 0.70 0.28 0. 0.98
21 0.90 5.85 0. 93.09 42.84 0. 135.93 0.71 0.32 0. 1.03
22 0.87 6.08 0. 93.96 48.92 0. 142.88 0.71 0.37 0. 1.08
23 0.71 6.24 0. 94.67 55.16 0. 149.83 0.72 0.42 0. 1.14

24 0.89 5.91 0. 95.56 61.07 0. 156.63 0.72 0.46 0. 1.19
25 0.62 5.13 0. 96.18 66.20 0. 162.38 0.73 0.50 0. 1.23
26 0.52 4.88 0. 96.70 71.08 0. 167.78 0.73 0.54 0. 1.27
27 0.59 4.96 0. 97.29 76.04 0. 173.33 0.74 0.58 0. 131
28 0.51 5.09 0. 97.80 81.13 0. 178.93 0.74 0.61 0. 1.36
29 0.41 5.24 0. 98.21 86.37 0. 184.,8 0.74 0.65 0. 1.40

30 0.49 5.21 0. 98.70 91.58 0. 190.28 0.75 0.69 0. 1.44

31 0.40 5.30 0. 99.10 96.88 0. 195.98 0.75 0.73 0. 1.49
32 0.46 5.29 0. 99.56 102.17 0. 201.73 0.75 0.77 0. 1.53

33 0.41 5.44 0. 99.97 107.61 0. 207.58 0.76 0.82 0. 1.57

34 0.42 5.48 0. 100.39 113.09 0. 213.48 0.76 0.86 0. 1.62
35 0.43 5.57 0. 100.82 118.66 0. 219.48 0.76 0.90 0. 1.66
36 0.35 5.45 0. 101.17 124.11 0. 225.28 0.77 0.94 0. 1.71
37 134 34.16 0. 102.51 158.27 0. 260.78 0.78 1.20 0. 1.98

38 3.50 102.90 0. 106.01 261.17 0. 367.18 0.80 1.98 0. 2.78
39 1.59 107.11 0. 107.60 368.28 0. 475.88 0.82 2.79 0. 3.61
40 0.96 114.34 0. 108.56 482.62 0. 591.18 0.82 3.66 0. 4.48
41 0.49 110.41 0. 109.05 593.03 0. 702.08 0.83 4.49 0. 5.32
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Table A.7
Relative Permeability Analysis Summary;

Run 9 - Second Dynamic Water Flood

PVI So  Sw Sd kr,o kr,w kr,d

0.625 0.5706 0.4819 0.0 0.4294 0.1310 0.0

0.750 0.4306 0.3183 0.0 0.5694 0.2141 0.0

1.000 0.3396 0.2185 0.0 0.6604 0.2820 0.0

1.250 0.2766 0.1594 0.0 0.7234 0.3408 0.0

1.500 0.2396 0.1252 0.0 0.7604 0.3747 0.0

1.750 0.2126 0.0988 0.0 0.7874 0.4086 0.0

2.000 0.1936 0.0807 0.0 0.8064 0.4273 0.0

2.250 0.1756 0.0649 0.0 0.8244 0.4372 0.0

2.500 0.1626 0.0562 0.0 0.8374 0.4530 0.0

3.000 0.1286 0.0331 0.0 0.8714 0.4826 0.0

4.000 0.0916 0.0044 0.0 0.9084 0.5312 0.0
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Table A.8
Fractional Collection Analysis Summary
Run 9 - Second Dynamic Water Flood

tube tube tube tube cuM. cure. cuM. total oil water decane PVI
no. oil water decane oil water decane fluid Tec. rec. Tec.

vol. vol. vol. vol. vol. vol. vol. (PVI) (PVI (PVI)

1 1.07 0. 0. 1.07 0. 0. 1.07 0.00 0. 0. 0.00
2 5.55 0. 0. 6.62 0. 0. 6.62 0.05 0. 0. 0.05
3 5.45 0. 0. 12.07 0. 0. 12.07 0.09 0. 0. 0.09
4 5.65 0. 0. 17.72 0. 0. 17.72 0.13 0. 0. 0.13
5 5.35 0. 0. 23.07 0. 0. 23.07 0.17 0. 0. 0.17
6 5.55 0. 0. 28.62 0. 0. 28.62 0.22 0. 0. 0.22
7 5.55 0. 0. 34.17 0. 0. 34.17 0.26 0. 0. 0.26
8 5.55 0. 0. 39.72 0. 0. 39.72 0.30 0. 0. 0.30
9 5.80 0. 0. 45.52 0. 0. 45.52 0.34 0. 0. 0.34

10 5.74 0. 0. 51.26 0. 0. 51.26 0.39 0. 0. 039
11 5.65 0. 0. 56.91 0. 0. 56.91 0.43 0. 0. 0.43
12 5.80 0. 0. 62.71 0. 0. 62.71 0.48 0. 0. 0.48
13 5.70 0. 0. 68.41 0. 0. 68.41 0.52 0. 0. 0.52
14 5.95 0. 0. 74.36 0. 0. 74.3 0.56 0. 0. 0.56
15 5.75 0.10 0. 80.11 0.10 0. 80.21 0.61 0.00 0. 0.61
16 3.40 2.35 0. 83.51 2.45 0. 85.96 0.63 0.02 0. 0.65
17 2.40 3.30 0. 85.91 5.75 0. 91.66 0.65 0.04 0. 0.69
18 1.80 4.00 0. 87.71 9.75 0. 97.46 0.66 0.07 0. 0.74
19 1.35 4.45 0. 89.06 14.20 0. 103.26 0.67 0.11 0. 0.78
20 1.30 4.50 0. 90.36 18.70 0. 109.06 0.68 0.14 0. 0.83
21 1.10 4.63 0. 91.46 23.33 0. 114.79 0.69 0.18 0. 0.87
22 1.10 4.70 0. 92.56 28.03 0. 120.59 0.70 0.21 0. 0.91
23 0.90 4.85 0. 93.46 32.88 0. 126.34 u."l 0.25 0. 0.96
24 1.00 4.65 0. 94.46 37.53 0. 131.99 C.12 0.28 0. 1.00
25 0.85 4.90 0. 95.31 42.43 0. 137.74 0.72 0.32 0. 1.04
26 0.80 5.00 0. 96.11 47.43 0. 143.54 0.73 0.36 0. 1.09
27 0.78 5.02 0. 96.89 52.45 0. 149.34 0.73 0.40 0. 1.13
28 0.68 4.97 0. 97.57 57.42 0. 154.99 0.74 0.44 0. 1.17
29 0.65 5.05 0. 98.22 62.47 0. 160.69 0.74 0.47 0. 1.22
30 0.60 5.25 0. 98.82 67.72 0. 166.54 0.75 0.51 0. 1.26
31 0.55 5.30 0. 99.37 73.02 0. 172.39 0.75 0.55 0. 131
32 0-53 5.27 0. 99.90 78.29 0. 178.19 0.76 0.59 0. 1.35
33 0.50 5.35 0. 100.40 83.64 0. 184.04 0.76 0.63 0. 1.39
34 0.50 5.40 0. 100.90 89.04 0. 189.94 0.76 0.67 0. 1.44
35 0.49 5.36 0. 101.39 94.40 0. 195.79 0.77 0.72 0. 1.48
36 0.43 5.57 0. 101.82 99.97 0. 201.79 0.77 0.76 0. 1.53
37 0.35 5.45 0. 102.17 105.42 0. 207.59 0.77 0.80 0. 1.57
38 0.35 5.35 0. 102.52 110.77 0. 213.29 0.78 0.84 0. 1.62
39 4.20 87.32 0. 106.72 198.09 0. 304.81 0.81 1.50 0. 2.31
40 1.75 82.47 0. 108.47 280.56 0. 389.03 0.82 2.13 0. 2.95
41 1.04 94.62 0. 109.51 375.18 0. 484.69 0.83 2.84 0. 3.67
42 0.35 99.15 0. 109.86 474.33 0. 584.19 0.83 3.59 0. 4.43
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Table A.9
Relative Permeability Analysis Summary;

Run 9 - Third Dynamic Water Flood

PVI So  Sw  Sd  kr,w k, d

0.540 0.5809 0.3380 0.0811 0.4025 0.0756 0.0

0.750 0.3659 0.5530 0.0811 0.1982 0.1825 0.0

1.000 0.3059 0.6130 0.0811 0.1511 0.2247 0.0

1.250 0.2509 0.6680 0.0811 0.1058 0.2642 0.0

1.500 0.2239 0.6950 0.0811 0.0904 0.2974 0.0

1.750 0.2039 0.7150 0.0811 0.0768 0.3144 0.0

2.000 0.1739 0.7450 0.0811 0.0523 0.3292 0.0

2.250 0.1529 0.7660 0.0811 0.0397 0.3437 0.0

2.500 0.1349 0.7840 0.0811 0.0296 0.3592 0.0

3.000 0.1229 0.7960 0.0811 0.0250 0.3811 0.0

4.000 0.0829 0.8360 0.0811 0.0062 0.4142 0.0
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Table A.10
Fractional Collection Analysis Summary

Run 9 - Third Dynamic Water Flood

tube tube tube tube cuM. cuM. cuM. total oil water decane PVI
no. oil water decane oil water decane fluid rec. rec. rec.

vol. vol. vol. vol. vol. vol. vol. (PVI) (PVI (PVI)
(cc) (cc) (cc) (cC) (cc) (cc) (cc)

1 2.38 0. 0. 2.38 0. 0. 238 0.02 0. 0. 0.02
2 6.45 0. 0. 8.83 0. 0. 8.83 0.07 0. 0. 0.07
3 6.60 0. 0. 15.43 0. 0. 15.43 0.12 0. 0. 0.12
4 6.70 0. 0. 22.13 0. 0. 22.13 0.17 0. 0. 0.17
5 6.60 0. 0. 28.73 0. 0. 28.73 0.22 0. 0. 0.22
6 6.65 0. 0. 35.38 0. 0. 35.38 0.27 0. 0. 0.27
7 6.60 0. 0. 41.98 0. 0. 41.98 0.32 0. 0. 0.32
8 6.50 0. 0. 48.48 0. 0. 48.48 037 0. 0. 0.37
9 6.75 0. 0. 55.23 0. 0. 55.23 0.42 0. 0. 0.42

10 6.55 0. 0. 61.78 0. 0. 61.78 0.47 0. 0. 0.47
11 6.50 0. 0. 68.28 0. 0. 68.28 0.52 0. 0. 0.52
12 4.90 1.70 0. 73.18 1.70 0. 74.88 0.55 0.01 0. 0.57
13 3.10 3.50 0. 76.28 5.20 0. 81.48 0.58 0.04 0. 0.62
14 2.00 4.70 0. 78.28 9.90 0. 88.18 0.59 0.08 0. 0.67
15 1.69 5.11 0. 79.97 15.01 0. 94.98 0.61 0.11 0. 0.72
16 1.32 5.18 0. 81.29 20.19 0. 101.48 0.62 0.15 0. 0.77
17 1.30 5.30 0. 82.59 25.49 0. 108.08 0.63 0.19 0. 0.82
18 1.17 5.48 0. 83.76 30.97 0. 114.73 0.63 0.23 0. 0.87
19 1.09 5.61 0. 84.85 36.58 0. 121.43 0.64 0.28 0. 0 Q2
20 0.95 5.65 0. 85.80 42.23 0. 128.03 0.65 0.32 0. 0.97
21 0.87 5.78 0. 86.67 48.01 0. 134.68 0.66 0.36 0. 1.02
22 0.86 5.89 0. 87.53 53.90 0. 141.43 0.66 0.41 0. 1.07
23 0.71 5.99 0. 88.24 59.89 0. 148.13 0.67 0.45 0. 1.12
24 0.68 5.92 0. 88.92 65.81 0. 154.73 0.67 0.50 0. 1.17
25 0.68 6.02 0. 89.60 71.83 0. 161.43 0.68 0.54 0. 1.22
26 0.65 6.05 0. 90.25 77.88 0. 168.13 0.68 0.59 0. 1.27
27 0.50 6.20 0. 90.75 84.08 0. 174.83 0.69 0.64 0. 1-32
28 0.49 6.11 0. 91.24 90.19 0. 181.43 0.69 0.68 0. 1.37
29 0.49 6.21 0. 91.73 96.40 0. 188.13 0.70 0.73 0. 1.43
30 0.45 6.25 0. 92.18 102.65 0. 194.83 0.70 0.78 0. 1.48
31 0.45 6.15 0. 92.63 108.80 0. 201.43 0.70 0.82 0. 1.53

32 038 6.27 0. 93.01 115.07 0. 208.08 0.70 0.87 0. 1.58
33 2.40 54..10 0. 95.41 169.17 0. 264.58 0.72 1.28 0. 2.00
34 2.45 91.04 0. 97.86 260.21 0. 358.07 0.74 1.97 0. 2.71
35 ' 10 88.35 0. 98.96 348.56 0. 447.52 0.75 2.64 0. 3.39

36 0.75 95.11 0. 99.71 443.67 0. 543.38 0.76 336 0. 4.12

...I ..
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Table A. 11
Relative Permeability Analysis Summary;

Run 8 - Dynamic Decane Flood

PVI s o  Sw Sd ro krw kr,d

0.250 0.7481 0.0313 0.2206 0.3949 0. 0.0281

0.500 0.5801 0.0313 0.3886 0.1942 0. 0.0846

0.750 0.5021 0.0313 0.4666 0.1560 0. 0.1361

1.000 0.4481 0.0313 0.5206 0.1206 0. 0.1699

1.250 0.4081 0.0313 0.5606 0.0937 0. 0.1947

1.500 0.3801 0.0313 0.5886 0.0781 0. 0.2163

1.750 0.3621 0.0313 0.6066 0.0671 0. 0.2281

2.000 0.3411 0.0313 0.6276 0.0580 0. 0.2480

3.000 0.3031 0.0313 0.6656 0.0312 0. 0.2879

4.000 0.2531 0.0313 0.7156 0.0243 0. 0.3130

5.000 0.2141 0,0313 0.7546 0.0111 0. 0.3346
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Table A.12
Fractional Collection Analysis Summary

Run 8 - Dynamic Decane Flood

tube tube tube tube cum. cuM. cum. total oil water decane PVI
no. oil water decane oil water decane fluid rec. rec. rec.

vol. vol. vol. vol. vol. vol. vol. (PVI) (PVI (PVI)
(cc) (cc) (cc) (cc) (cc) (cc) (cc)

1 1.77 0. 0.70 1.77 0. 0.70 2.47 0.01 0. 0.00 0.02
2 6.40 0. 0.20 8.17 0. 0.90 9.07 0.06 0. 0.00 0.07
3 6.40 0. 0.30 14.57 0. 1.20 15.77 0.11 0. 0.00 0.12
4 6.00 0. 0.70 20.57 0. 1.90 22.47 0.15 0. 0.01 0.17
5 5.30 0. 1.20 25.87 0. 3.10 28.97 0.19 0. 0.02 0.22
6 5.30 0. 1.35 31.17 0. 4.45 35.62 0.23 0. 0.03 0.27
7 4.75 0. 1.85 35.92 0. 6.30 42.22 0.27 0. 0.05 0.32
8 4.50 0. 2.20 40.42 0. 8.50 48.92 0.30 0. 0.06 0.37
9 3.70 0. 2.90 44.12 0. 11.40 55.52 0.33 0. 0.09 0.41

10 2.80 0. 3.80 46.92 0. 15.20 62.12 0.35 0. 0.11 0.46
11 2.30 0. 4.30 49.22 0. 19.50 68.72 0.37 0. 0.15 0.51
12 2.00 0. 4.50 51.22 0. 24.00 75.22 0.38 0. 0.18 0.56
13 1.70 0. 4.80 52.92 0. 28.80 81.72 0.39 0. 0.21 0.61
14 1.60 0. 5.05 54.52 0. 33.85 88.37 0.41 0. 0.25 0.66
15 1.40 0. 5.25 55.92 0. 39.10 95.02 0.42 0. 0.29 0.71
16 1.30 0. 5.40 57.22 0. 44.50 101.72 0.43 0. 0.33 0.76
17 1.20 U. 5.55 58.42 0. 50.05 108.47 0.44 0. 0.37 0.81
18 0.99 0. 5.51 59.41 0. 55.56 114.97 0.44 0. 0.41 0.86
19 0.95 0. 5.65 60.36 0. 61.21 121.57 0.45 0. 046 0.91
20 0.88 0. 5.72 61.24 0. 66.93 128.17 0.46 0. 0.50 0.96
21 0.88 0. 5.82 62.12 0. 72.75 134.87 0.46 0. 0.54 1.01
22 0.70 0. 5.85 62.82 0. 78.60 141.42 0.47 0. 0.59 1.06
23 0.78 0. 5.97 63.60 0. 84.57 148.17 0.47 0. 0.63 1.11
24 0.65 0. 5.95 64.25 0. 90.52 154.77 0.48 0. 0.68 1.15
25 0.55 0. 5.95 64.80 0. 96.47 161.27 0.48 0. 0.72 1.20
26 0.62 0. 6.03 65.42 0. 102.50 167.92 0.49 0. 0.76 1.25
27 0.50 0. 6.05 66.02 0. 108.55 174.57 0.49 0. 0.81 1.30
28 0.61 0. 6.20 66.63 0. 114.75 181.37 0.50 0. 0.86 1.35
29 0.50 0. 6.00 67.13 0. 120.75 187.87 0.50 0. 0.90 1.40
30 0.49 0. 6.16 67.62 0. 126.9 ,  194.52 0.50 0. 0.95 1.45
31 0.48 0. 6.17 68.10 0. 133.08 201.17 0.51 0. 0.99 1.50

32 0.42 0. 6.13 68.52 0. 139.20 207.72 0.51 0. 1.04 1.55
33 0.40 0. 6.25 68.92 0. 145.45 214.37 0.51 0. 1.09 1.60
34 0.41 0 6.34 69.33 0. 151.80 221.12 0.52 0. 1.13 1.65
35 0.41 0. 6.34 69.74 0. 158.14 227.87 0.52 0. 1.18 1.70
36 0.39 0. 6.31 70.13 0. 164.45 234.57 0.52 0. 1.23 1.75
37 4.60 0. 95.30 74.73 0. 259.95 334.67 0.56 0. 1.94 2.50
38 3.20 0. 103.40 77.93 0. 363.34 441.27 0.58 0. 2.71 3.29
39 1.70 0. 98.40 79.63 0. 461.74 541.37 0.59 0. 3.45 4.04
40 1.39 0. 98.71 81.02 0. 560.45 641.47 0.60 0. 4.18 4.79
41 0.60 0. 53.80 81.62 0. 614.25 695.87 0.61 0. 4.58 5.19
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Table A.13
Fractional Collection Analysis Summary;

Run 4

tube tube tube tube cum. cUr. cum. total oil water decane PVI
no. oil water decane oil water decane fluid rec. rec. reC.

vol. vol. vol. vol. vol. vol. I vol. (PVI) (PVI (PVI)
(cc) (cc) (cc) (cc) (cc) (cc) (cc)

1 0.42 0. 4.04 0.42 0. 4.04 4.46 0.00 0. 0.03 0.03
2 0.72 0. 6.58 1.14 0. 10.62 11.76 0.00 0. 0.08 0.09

3 0.79 0. 6.46 1.93 0. 17.08 19.01 0.01 0. 0.13 0.14
4 0.66 0. 6.48 2.59 0. 23.56 26.15 0.02 0. 0.18 0.20
5 0.70 0. 6.55 3.29 0. 30.11 33.40 0.03 0. 0.23 0.25
6 0.69 0. 6.56 3.98 0. 36.67 40.65 0.03 0. 0.28 0.31
7 0.78 0. 6.63 4.76 0. 43.30 48.06 0.04 0. 033 0.37
8 3.10 0.10 4.05 7.86 0.10 47.35 55.31 0.06 0.00 0.36 0.42
9 7.30 0.10 0.10 15.16 0.20 47.45 62.81 0.12 0.00 036 0.48

10 7.40 0.05 0.05 22.56 0.25 47.50 70.31 0.17 0.00 036 0.53
11 535 2.05 0.10 27.91 230 47.60 77.81 0.21 0.02 036 0.59
12 3.40 3.90 0. 31.31 6.20 47.60 85.11 0.24 0.05 0.36 0.65
13 1.80 5.45 0. 33.11 11.65 47.60 9236 0.25 0.09 0.36 0.70
14 1.45 5.85 0. 34.56 17.50 47.60 99.66 0.26 0.13 0.36 0.76
15 1.09 6.21 0. 35.65 23.71 47.60 106.96 0.27 0.18 036 0.81
16 1.06 6.34 0. 36.71 30.05 47.60 11436 0.28 0.23 0.36 0.87
17 1.01 6.34 0. 37.72 3639 47.60 121.71 0.29 0.28 036 0.93
18 0.94 6.46 0. 38.66 42.85 47.60 129.11 0.29 033 0.36 0.98
19 0.91 6.49 0. 39.57 49.34 47.60 136.51 030 038 0.36 1.04
20 0.76 6.64 0. 40-33 55.98 47.60 143.91 0.31 0.43 0.36 1.09
21 0.69 6.66 0. 41.02 62.64 47.60 151.26 031 0.48 036 1.15
22 0.70 6.60 0. 41.72 69.24 47.60 158.56 0.32 0.53 0.36 1.21
23 0.45 6.90 0. 42.17 76.14 47.60 165.91 032 0.58 036 1.26
24 0.59 6.76 0. 42.76 82.90 47.60 173.26 0.33 0.63 036 132
25 035 7.05 0. 43.11 89.95 47.60 180.66 033 0.68 0.36 1.37
26 0.50 7.00 0. 43.61 96.95 47.60 188.16 033 0.74 036 1.43
27 0.26 7.19 0. 43.87 104.14 47.6, 195.61 033 0.79 036 1.49
28 0-50 6.95 0. 4437 111.09 47.60 203.06 0.34 0.84 036 1.54
29 0.25 7.10 0. 44.62 118.19 47.60 210.41 034 0.90 036 1.60
30 034 7.06 0. 44.96 125.25 47.60 217.81 034 0.95 036 1.66
31 0.50 6.85 0. 45.46 132.10 47.60 225.16 0.35 1.00 0.36 1.71
32 0.22 7.08 0. 45.68 139.18 47.60 232.46 0.35 1.06 036 1.77
33 0.25 7.15 0. 45.93 14633 47.60 239.86 035 1.11 0.36 1.82
34 0.25 7.20 0. 46.18 153.53 47.60 24731 0.35 1.17 0.36 1.88
35 0.21 7.24 0. 4639 160.77 47.60 254.76 0.35 1.22 0.36 1.94
36 0.22 7.23 0. 46.61 168.00 47.60 262.21 035 1.28 0.36 1.99
37 2.21 93.71 0. 48.82 261.71 47.60 358.13 0.37 1.99 036 2.72
38 0.95 97.09 0. 49.77 358.80 47.60 456.17 0.38 2.73 036 3.47
39 0.47 109.83 0. 50.24 468.63 47.60 566.47 0.38 3.56 0.36 4.31
40 030 97.74 0. 50.54 56637 47.60 664.51 038 431 036 5.05
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Table A.14
Relative Permeability Analysis Summary;

Run 4

X
PVI So Sw sd k.o ,w kT.d L

0.395 0.8500 0.0200 0.1300 0.5267 0.0 0.0 1.0

0.500 0.8500 0.0200 0.1300 0.4201 0.0 0.0 0.79

0.600 0.535 0.3350 0.1300 - - - 0.658

0.650 0.474 0.3960 0.1300 - - - 0.608

0.750 0.3900 0.4800 0.1300 0.1974 0.1710 0.0 0.53

1.000 0.3100 0.5600 0.1300 0.1246 0.2222 0.0 0.395

1.250 0.2610 0.6090 0.1300 0.0827 0.2490 0.0 0.316

1.500 0.2350 0.6350 0.1300 0.0681 0.2817 0.0 0.263

1.750 0.2150 0.6550 0.1300 0.0591 0.3123 0.0 0.226

2.000 0.1990 0.6710 0.1300 0.0441 0.3200 0.0 0.198

3.000 0.1520 0.7180 0.1300 0.1860 0.3780 0.0 0.132

4.000 0.1220 0.7480 0.1300 0.0095 0.3930 0.0 0.099

5.000 0.115( 0.7550 0.1300 0.0034 0.4060 0.0 0.079
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Table A.15
Fractional Collection Analysis Summary;

Run 5

tube tube tube tube cum. cur. cuM. total oil water decane PVI
no. oil water dccaae oil water decane fluid rec. rec. rec.

vol. vol. vol. vol. vol. vol. vol. (PVI) (PVI (PVI)
(cc) (cc) (cc) (cc) (cc) (cc) (cc)

1 0.08 0. 1.09 0.08 0. 1.09 1.17 0.00 0. 0.00 0.00
2 u.40 0. 6-.3 0.48 0. 7.64 8.12 0.00 0. 0.06 0.06
3 0.38 G. 6.52 0.86 0. 14.16 15.02 0.00 0. 0.11 0.11
4 039 0. 6.61 1.25 0. 20.77 22.02 0.00 0 0.16 0.16
5 0.40 0. 6.60 1.65 0. 27.37 29.02 0.01 0. 0.20 0.22
6 0.40 0. 6.60 2.05 0. 33.97 36.02 0.02 0. 0.25 0.27
7 036 0. 6.49 2.41 0. 40.46 42.87 0.02 0. 0.30 0.32
8 0.38 0. 6.52 2.79 0. 46.98 49.77 0.02 0. 0.35 037
9 035 0. 6.45 3.14 0. 53.43 56.57 0.02 0. 0.40 0.42

10 2.00 0. 4.90 5.14 0. 58.33 63.47 0.04 0. 0.44 0.A
11 5.30 1.60 0.10 10.44 1.60 58.43 70.47 0.08 0.01 0.44 0.53
12 3.10 3.90 0. 13.54 5.50 58.43 77.47 0.10 0.04 0.44 0.58
13 2.90 4.00 0. 16.44 9.50 58.43 8437 0.12 0.07 0.44 0.63
14 2.70 4.30 0. 19.14 13.80 58.43 9137 0.14 0.10 0.44 0.68

15 2.15 4.85 0. 21.29 18.65 58.43 9837 0.16 0.14 0.44 0.74
16 1.35 5.60 0. 22.64 24.25 58.43 10532 017 0.18 )A, 07

17 1.18 5.82 0. 23.82 30.07 58.43 112.32 0.18 0.23 0.44 0.84
13 1.11 5.89 0. 24.93 35.96 58.43 11932 0.19 0.27 0.44 0.89

19 1.10 6.00 0. 26.03 41.96 58.43 126.42 0.20 0.31 0.44 0.95
20 0.90 6.20 0. 26.93 48.16 58.43 13.52 0.20 0.36 0.44 1.00

21 0.90 6.10 0. 27.83 54.26 58.43 140.52 0.21 0.41 0.44 1.05
22 0.72 6.48 0. 28.55 60.74 58.43 147.72 0.21 0.45 0.44 1.11
23 0.75 6.25 0. 29.30 66.99 58.43 154.72 0.22 0.50 0.44 1.16
24 0.63 6.47 C. 29.93 73.46 58.43 161.82 0.22 0.55 0.44 1.21
25 0.57 6.53 0. 30.50 79.99 58.43 168.92 0.23 0.60 0.44 1.27

26 0.67 6.43 0. 31.17 86.42 58.43 176.02 0.23 0.65 0.44 1.32
27 0.44 6.56 0. 31.61 92.98 58.43 183.02 0.24 0.70 0.44 1.37
28 0.43 6.57 0. 32.04 9955 58.43 190.02 0.24 0.75 0.44 1.42
29 0.41 6.59 0l. 32.45 106.14 58.43 197.02 0.24 0.80 0.44 1.48

30 035 6.65 0. 32.80 112.79 58.43 204.02 0.25 0.84 0.44 1.53
31 0.31 6.69 0. 33.11 119.48 58.43 211.02 0.25 0.89 0.44 1.58
32 0.28 6.72 0. 33.39 126.20 58.43 218.02 0.25 0.95 0.44 1.63
33 3.20 96.90 0. 36.59 223.10 58.43 318.12 0.27 1.67 0.44 2.38
34 1.26 99.04 0. 37.85 322.14 58.43 418.42 0.28 2.41 0.44 3.13
35 0.60 92.77 0. 38.45 414.91 58.43 511.79 0.29 3.11 0.44 3.83

36 0.55 92.82 0. 39.00 507.73 58.43 65-16 0.29 1.90 0.44 4.53]
37 10.21 100. , 0. IQ2 0.2 5.31754 .9 45 .4 52
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Table A.16
Relative Permeability Analysis Summary;

Run 5

PVI So sw Sd k . kr,w kr,d -

L

0.460 0.8280 0.0274 0.1446 0.5965 0.0 0.0 1.0

0.500 0.6880 0.1674 0.1446 0.2230 0.0947 0.0 0.920

0.750 0.4030 0.4524 0.1446 0.1756 0.1340 0.0 0.613

1.000 0.3300 0.5254 0.1446 0.1425 0.1978 0.0 0.460

1.250 0.2680 0.5874 0.1446 0.0980 0.2398 0.0 0.368

1.500 0.2200 0.6354 0.1446 0.0594 0.2718 0.0 0.307

1.750 0.1980 0.6574 0.1446 0.0495 0.2929 0.0 0.263

2.000 0.1790 0.6764 0.1446 0.0424 0.3068 0.0 0.230

3.000 0.1380 0.7174 0.1446 0.0189 0.3578 0.0 0.153

4.000 0.1120 0.7434 0.1446 0.0077 0.3980 0.0 0.115

5.000 0.0990 0.7564 0.1446 0.0045 0.4380 0.0 0.092
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Table A.17
Fractional Collection Analysis Summary

Run 8 - Dynamic Water Flood

tube rube tube tube cwr. cum. cuM. total oil water decane PVI
no. oil water decane oil water decane fluid rec. rec. rec.

vol. vol. vol. vol. vol. vol. vol. (PVI) (PVI (PVI)
(cc) (cc) (cc) (cc) (cc) (cc) (cc)

1 0. 0. 3.07 0. 0. 3.07 3.07 0. 0. 0.02 0.02
2 0. 0. 6.70 0. 0. 9.77 9.77 0. 0. 0.07 0.07
3 0. 0. 6.70 0. 0. 16.47 16.47 0. 0. 0.12 0.12
4 0. 0. 6.70 0. 0. 23.17 23.17 0. 0. 0.17 0.17
5 0. 0. 6.55 0. 0. 29.72 29.72 0. 0. 0.22 0.22
6 0. 0. 6.60 0 0. 36.32 36.32 0. 0. 0.27 0.27
7 0. 0. 6.65 0. 0. 42.97 42.97 0. 0. 0.32 0.32
8 0. 0. 6.70 0. 0. 49.67 49.67 0. 0. 0.37 0.37
9 0. 0. 6.49 0. 0. 56.16 56.16 0. 0. 0.42 0.42

10 0. 0. 6.65 0. 0. 62.81 62.81 0. 0. 0.47 ? a7
I 1 0. 0. 6.60 0. 0. 69.41 69.41 0. 0. 0.52 0.52

12 0. 0. 6.75 0. 0.,0 76.16 76.16 0. 0. 0.57 0.57
13 1.40 2.10 3.05 1.40 2.10 79.21 82.71 0.01 0.02 0.59 0.62
14 0.32 6.33 0.10 1.72 8.43 79.31 89.46 0.01 0.06 0.59 0.67
15 0.43 6.27 0.10 2.15 14.70 79.41 96.26 0.02 0.11 0.59 0.72

16 0.39 6.11 0. 2.54 20.81 79.41 102.76 0.02 C. 16 0.59 0.77
17 0.40 6.25 0. 2.94 27.06 79.41 109.41 0.02 0.20 0.59 0.82
18 0.38 6.27 0. 3.32 33.33 79.41 116.06 0.02 0.25 0.59 0.87
i9 0.30 6.30 0. 3.62 39.63 79.41 122.66 0.03 0.30 0.59 0.92
20 0.24 6.31 0. 3.86 45.94 79.41 129.21 0.03 0.34 0.59 0.96
21 0.15 6.40 0. 4.01 52.34 79.41 135.76 0.03 0.39 0.59 1.01
22 0.29 6.36 0. 4.30 58.70 79.41 142.41 0.03 0.44 0.59 1.06
23 0.20 6.35 0. 4.50 65.05 79.41 148.96 0.03 0.49 0.59 1.11
24 0.24 5.51 0. 4.74 71.56 79.41 155.71 0.04 0.53 0.59 1.15
25 0.15 6.55 0. 4.89 78.11 79.41 162.41 0.04 0.58 0.59 1.21
26 2.00 192.22 0. 6.89 180.33 79.41 266.63 0.05 1.35 0.59 1.99

27 1.02 103.20 0. 7.91 283.53 79.41 370.85 0.06 2.12 0.59 2.77
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Table A.18
Relative Permeability Analysis Summary;

Run 8 - Dynamic Water Flood

X
PVI So  Sw  Sd ro kw .d L

0.559 0.7400 0.0613 0.1987 - 1.0

0.620 0.2240 0.5770 0.1987 - 0.902

0.650 0.2140 0.5873 0.1987 - - 0.86

0.750 0.2069 0.5944 0.1987 0.0736 0.2660 0.0 0.745

1.000 0.1859 0.6154 0.1987 0.0474 0.2758 0.0 0.559

1.250 0.1789 0.6224 0.1987 0.0311 0.2830 0.0 0.447

1.500 0.1649 0.6364 0.1987 0.0240 0.2885 0.0 0.373

1.750 0.1589 0.6424 0.1987 3.0196 0.2927 0.0 0.319

2.000 0.1479 0.6534 0.1987 0.0174 0.2966 0.0 0.280

2.500 0.1469 0.6544 0.1987 0.0130 0.2977 0.0 0.224



179

Tabit. A.19
Run Core Characteristics

Run IC oze bead pore norosity kaibs

n. n. w. Vol. % [darcyl

[g] [cc]

1 1 541.6 134.1 39.3-

2 2 533.4 134.7 39.5 43.33

3 1 536.9 128.0 37.5 21.08

4 2 531.5 131.5 38.6 22.92

5 2 535.1 133.5 39.1 22.67

6 1 532.1 135.9 39.9 -

7 1 533.7 134.4 39.4 -

8 2 537.4 134.0 39.3 21.41

9 1 542.6 131.9 38.7 19.57
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Appendix B

COMPUTER PROGRAMS
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B.1 READPT.BAS

10 REM *** CONTINOUS PRESSURE SAMPLE PROGRAM *

20 CLS
30 ON ERROR GOTO 500
40 OPEN"COMI:1200,N,8,1,CS,DS,LF"AS#1
50 PRINT#l, "*0100VR"
60 CLOSE#1
80 INPUT "FILENAME FOR RESULTS";FILE$
90 INPUT "ENTER CORE NUMBER:";TYPE$
100 INPUT "WATER RATE IN [CC/MIN]:";RATE1
110 INPUT "BENZYL ALCOHOL RATE IN [CC/MIN]:";RATE2
120 INPUT "DECANE RATE IN [CC/MIN]:";RATE3
130 OPEN F[L.FS FOR APPEND AS #2
140 WRITE #2,"DATA FILE: " ,FILE$
150 WRITE #2,"CORE NUMBER: ",'TYPE$
160 WRITE #2,"H20 RATE: ",RATEI," BA RATE: ",RATE2," C0 RATE: ",RATE3
170 PRINT ..
180 PRINT "PROGRAM IS STOPPED BY PRESSING 'S' (CAPITAL - S)"
190 PRINT.
200 PRINT "PRESS ANY KEY TO START
210 X$ = INKEY$: IF X$ = .... THEN 210

220 REM *** READ INITIAL TEMPERATURE IN DEGREES CENTIGRADE ***

230 OPEN"COM 1"1200,N,8,1,CS,DSLF"AS# I
240 PRINT# 1,"*0100Q3"
250 INPUT #1,A$
260 A$ = MID$(A$,6)
270 WRITE #2,"INITIAL TEMPERATURE (C): ",A$
280 PRINT;"INITIAL TEMPERATURE (C): "A$
290 PRINT# 1,"*0100P4"

300 REM *** INITIALIZE TIMER ***

310 NOW = TIMER

320 DT = TIMER - NOW

330 REM *** READ PRESSURE VALUES IN PSI ***
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340 INPUT# I ,A$
350 A$=MJID$(A$,6)
360 WRITE #2,DT, VAL(A$)
370 PRLNT;DT, A$
380 AA$ = INKEY$: IF AA$ = "S" THEN 400
390 GOTO 320
400 PRINT"PROGRAMv STOPPED"
410 REM *** READ FINAL TEMPERATURE
420 PRINT#1l,"*0 100Q3"
430 INPUT# I,A$
440 A$ = MID$(A$-,6)
450 WRITE #2,"FINAL TEMPERATURE (C): ",A$
460 PRINT;"FINAL TEMPERATURE:'",A$
470 CLOSE #1
480 CLOSE #2
490 END
500 PRINT "ERROR NR";ERR; "ON LINE";ERL
510 RESUME 490
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B.2 DATAFRAC.F

c This program does fractional collection analysis calculations
c for water floods rate.
c There is a limit of 50 collection containers

dimension o(50), w(50), d(50)
dimension Vo(50), Vw(50), Vd(50), Vt(50)
dimension Vto(50), i,,w(50), Vtd(50), Vtt(50)
dimension pvi(50), Itube(50), Ro(50), Rd(50), Rw(50)

implicit real*8 (a-h,o-z)

open(unit=3,file='recovdata',status='unknown')
rewind(unit=3)

open(unit--4,file='recovprint',status-'unknown')
rewind(un.t=4)

open (unit=8,file='ecl" odata',status='unknown')
rewind(unit=8)

c Variables are as follows:
c o = level of the btiizyl alcohol in the container
c w = level of the water in the container
c d = level of the decane in the container

c Vo = volume of benzyl alcohol in the container
c Vw = volume of watrc: in the container
c Vd = voiame of decare in the container

c Vto = tot,, volume of bhnzyl alcohol collected
c Vtw = total volume of water collected
c Vtd = total vnhlrr, e of decane collected

c Vtt = total combined volume cf fluid collected

c pvi = pore volumes injected
c Itube = tube number
c Ro = oil recovered



c Rd = decane recovered
c Rw = water recovered
c Data must be enter-ed into the data file as follows:
c pore volume of core - (porevol)
c number of collectio- samples - (nsamp)
c total de-ad volume of flowing system - (AB)
c actual decane flow rate being pumped through system - i'oc)

c actual C~ flow rate being pumped through system kqo)

read (5,*) porevol
read (5,*) nsarnp
rea±d (5,*) AB
read (5,*) qd
read (5,*) qo

c Determine the fractional flow of the decane and oil
fd = qd / (qd + qo)
fo = qo / (qd + qo)

c Constd and consto are the dead volumes of the dec,ane and oil
constd = ab*fd
consto = ab*fo

c Initialize the Arrays
do 10 1 = l,nsamp

Itube(I) = 0
o(I) 0 .0
w(I) = 0.0
d(l) =0.0

Vo(I) =0.0

Vw(I) =0.0

Vd(I) =0.0

Vt(I) =0.0

Vtw(I) =0.0

Vto(I) G .0
Vtd(I) =0.0

Vtt(I) = 0.0
POD(I = 0.0
Ro(I = 0.0
Rd(I) = 0.0
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Rw(I) = 0.0
10 continue

c Read in data
do 20 1 = 1,nsamp

read (5,*) Itube(I), o(I), w(I), d(I)
20 continue

1=1I
Vo(I) =o(I) - consto
Vto(I) =Vo(I)

Ro(l) =Vto(I) / porevol
Vw(I) =w(1) - o(I)
Vtw(I) Vw(I)
Vd(I) d(l) - w(I) - constd
Vtd(I) =Vd(I)

Rd(I) Vtd(I) / porevol
Vtt(I) -Vto(I) + Vtw(I) + Vtd(I)
pvi(I) =Vtt(I) / porevol
Rw(I) =Vtw(J) / porevol

do 30 1 2,nsamp
Vo(I) =o(I)

Vto(I) =Vo(I) + Vto(I-1)
Ro(I) =Vto(1) / pore vol
Vw(I) =w(I) - 0(1)

Vtw(I) Vw(I) + vtw(I-1)
Vd(I) =d(I) - w(I)
Vtd(I) Vd(I) + Vtd(I-1)
Rd(I) =Vtd(I) / porevol
Vtt(I) =Vto(I) + Vtw(I) + Vtd(I)
pvi(I) =Vtt(D) / porevol
Rw(I) =Vtw(I) / porevol

30 contlnue
ndsamp = nsamp + 1

write (3,100) ndsamp
ci = 0.0
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c2 = 0.0
write (3,101) ci, cl
do 40 j = 1,nsamp

write (3, 101) pvioj), Ro(j)
40 continue

write (3,110) ndsamp
write (3,101) ci, c2
do 50 j = 1,nsamp

write (3, 101) pvioj), Rdoj)
50 continue

write (3,120) ndsamp
write (3,101) ci, c2
do 60 j = 1,nsamp

write (3, 101) pvioj), Rwoj)
60 continue

write(3,124) 0
write(4,125)
write(8, 126)
write(4,150)
write(8, 150)
write(4,130)
write(8,13 1)
do 80 1 = 1,nsamp

write(4,140) Itube(I), Vo(I), Vw(D), Vd(I),
$ Vto(i), Vtw(I), Vtd(I), Vtt(I), Ro(1), Rw(I),

$ Rd(I), pvi(I)

80 continue

stop
100 format (15,' Ro data')
101 format (f12.5,5x,f12.5)
110 format (15,' Rd data')
120 format (15,' Rw data')
124 format (15)
125 format ('fractional collection analysis')



187

126 format ('fractional collection data '

130 format (' # Vo Vw Vd Vto Vtw Vtd Vtt Ro
$ Rw Rd PVI')

131 format ('# 0 w d '

140 format (12,lx,f5.2,lx,6(f6.2,lx),4(f5.2))
141 format (13,lx,3(f7.3,lx))
150 format C''

end
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B.3 PVST.F

c This program takes the raw pressure vs time data and averages each
c "n "number of up to "Istop "number of raw data points for
c fixed injection flow rates.
c The pore volume and flow rate must be provided under the parameters

implicit real*8 (a-h,o-z)

dimension time(500), press(500)
dimension pvi (500), phi(500)
dimension avetime(500), avepress(500)
parameter ( n =100, Istop = 10100)
parameter ( q = 2.2175, porevol = 134.01)

open(unit=3,file='pvivsq ',status='unknown')

rewind(unit=3)

open (unit=4,file='pv st', status='u nknown')
rewind(unit=3)
Icount = 0
npoint = 0
read(5,*) time(1), press(1)

I sumntime =0.00

sumpress =0.00

ncount = 0
do 10 1 I ,n

Icount =Icount + 1
ncount =ncount + I
read(5,*) time(I), press(I)
sumntime =sumntime + time(I)
sumpress =sumpress + press(I)
if (Icount .GE. Istop) go to 20

10 continue
20 npoint = npoint + I

avetime(npoint) =sunme / (ncount *60.0)

avepress(n point) =sumpress / ncount
phi(npoint) =avepress(npoint) / q
pvi(npoint) =(avetime(npoint) * q) / (porevol)
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if (Icount .GE. Istop) go to 30
go to 1

30 write(3,101) npoint
write(4,101) npoint
do 40 1 = I ,npoint

write(3,100) pvi(I) , phi(I)
write(4,100) avetime(I), avepress(I)

40 continue
100 forniat(flI 6.8,3x,f 16.8)
101 format(16)

end
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B.4 VARIQ.F

c This program determines the normalized pressure profile vs pore
c volumes injected for varying flow rates.

c The program first does fractional collection analysis
c calculations for water floods then calls the subroutine fixflow
c which determines the normalized pressure profile for varying flow
c rates by determining the flow rate for each collection time.

c There is a limit of 50 collection containers

dimension o(50), w(50), d(50)
dimension Vo(50), Vw(50), Vd(50), Vt(50)
dimension Vto(50), Vtw(50), Vtd(50), Vtt(50)
dimension pvi(50), Itube(50), Ro(50), Rd(50), Rw(50)
common/a/ ctime(50), q(50)

implicit real*8 (a-h,o-z)

open(unit=7,file='datafrac',status='old',access='unknown')
rewind(unit=7)

open(unit=3,file='recovdata',status='unknown')
rewind(unit=3)

open(unit=4,file='recovprint',status='unknown')
rewind(unit=4)

open(unit=8,file='echodata',status=' unknown')
rewind(unit=8)

c Variables are as follows:
c o = level of the benzyl alcohol in the container
c w = level of the water in the container
c d = level of the decane in the container

c Vo = volume of benzyl alcohol in the container
c Vw = volume of water in the container
c Vd = volume of decane in the container
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c Vto total volume of benzyl alcohol collected
c Vtw = total volume of water collected
c Vtd - t tal volume of decane collected

c Vtt = total combined volume of fluid collected

c pvi = pore volumes injected
c Itube = tube number
c Ro = oil recovered
c Rd = decane recovered
c Rw = water recoverd

c Data must be entered into the data file as follows:
c pore volume of core - (porevol)
c number of collection samples - (nsamp)
c total dead volume of flowing system - (AB)
c actual decane flow rate being pumped through system - (qd)
c actual oil flow rate being pumped though system - (qo)

read (7,*) porevol
read (7,*) nsamp
read (7,*) AB
read (7,*) qd
read (7,*) qo

c Determine the fractional flow of the decane and oil
fd = qd / (qd + qo)

fo = qo / (qd + qo)

c Constd and consto are the dead volumes of the decane and oil
constd = ab*fd
consto = ab*fo

do 10 1 = 1,nsamp
Itube(I) = 0
o(1 = 0.0

w() = 0.0

d(I) = 0.0
Vo(I) = 0.0

Vw(I) = 0.0
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Vd(I) =0.0

Vt(I) =0.0

Vtw(D = 0.0
Vto(I) =0.0

Vtd(I) =0,0

Vtt(D) = 0.0
pvi(D) = 0.0
Ro(I) = 0.0
Rd(I) = 0.0
Rw(I) = 0.0
Vt(I) = 0.0
q(I) = 0.0

10 continue

do 20 1 = 1,nsamp
read (7,*) Itube(I), o(I), w(I), d(l), ctime(I)

20 continue

1=1I
Vo(I) = o(I) - consto
Voa = o(I)
Vto(I) =Vo(I)

Ro(I) =Vto(I) / porevol
Vw(I) =w(I) - o(I)
Vwa = w(I) - o(I)
Vtw(I) = Vw(I)
Vd(I) = d(l) - w(D) - constd

Vda =d(l) - w(I)
Vtd(I) =Vd(I)

Rd(I) =Vtd(I) / porevol
Vtt(D) Vto(I) + Vtw(I) + Vtd(I)
pvi(I) =Vtt(I) / porevol
Rw(I) =Vtw(I) / porevol
Vt(I) =Vo(I) + Vw(I) + Vd(I)
q(I) = (Voa + Vwa + Vda) / ctime(I)

do 30 1 = 2,nsamp
Vo(f) = o(1)
Vto(I) = Vo(I) + Vto(I-1)
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Ro(I) = Vto(I) / porevol
Vw(I) =w(I) - o(I)
Vtw(D = Vw(I) + vtw(I-1)
Vd(I) =d(I) - w(I)
Vtd(D = Vd(1) + Vtd(I-1)
Rd(I) =Vtd(I) / porevol
Vtt(I) =Vto(I) + Vtw(I) + Vtd(I)
pvi(I) =Vtt(I) / porevol
Rw(I) =Vtw(I) / porevol
Vt(I) =Vo(I) + Vw(I) + Vd(I)
q(I) = Vt(I) / ctime(I)

30 continue

ndsamp = nsamp + 1

write (3,100) ndsamp
ci = 0.0
c2 = 0.0
write (3,101) ci, c2
do 40 j = 1 ,nsamp

write (3, 101) pvioj), Rooj)
40 continue

write (3,110) ndsamp
write (3,101) ci, c2
do 50 j = l,nsamp

write (3, 101) pvioj), Rdoj)
50 continue

write (3,120) nds .mp
write (3,101) ci c2
do 60 j = 1,nstmp

write (3, 1 JI) pvioj), Rwoj)
60 continue

write(3,124) 0
write(4, 125)
write(8, 126)
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write(4,150)
write(8, 150)
write(4, 130)
write(8,13 1)
do 80 1 = 1,nsamp

write(4,140) Itube(I), Vo(1), Vw(I), Vd(I),
$ Vto(I), Vtw(I), Vtd(I), Vtt(I), Ro(I), Rw(I),
$ Rd(I), pvi(I)
'write(8,141) Itube(I), o(l), w(I), d(l)

80 continue

call flxfiow

stop
100 format (15,' Ro data')
101 format (f12.5,5x,f12.5)
110 format (15,' Rd data')
12C format (15,' Rw data')
124 format (15)
125 format ('fractional collection analysis')
126 format ('fractional collection data ')
130 format (' # Vo Vw Vd Vto Vtw Vtd Vtt Ro

$ Rw Rd PVI')
131 format ('# 0 w d '

140 format (12,lx,f5.2,lx,6(f6.2,lx),4(f5.2))
141 format (13,lx,3(f7.3,lx))
150 format ( '

end

subroutine fixflow

c This program takes the raw pressure vs time data and averages each
c " n " number of up to " Istop " number of raw data points to give
c a managable data file for the graphs

c This program also adjusts the pressure time data to account for the
c delay in starting the run and the dead volume of the core



195

implicit real*8 (a-h,o-z)

dimension phi(2000), pvi(2000)
common/a/ ctime(50), q(50)

c set the pore volume of the core: "porevol"

c set the constant displacing fluid flow rate: "qf"

c set the delta time (seconds) from the start of the data file
c until the beginning of the run: "deltat"

c set the flowing dead volume of the core: "Vdead"

parameter ( porevol = 131.97)
parameter ( qf= 2.2175)
parameter ( deltat = 103.0)
parameter ( Vdead = 1.82)
parameter ( n = 100, Istop = 19400)

c data.in contains the pressure time data from the run

open(unit= 11 ,file='data.in',status='old',access=' unknown')
rewind(unit= 11)

c fig.data is the output file that contains the corrected normalized
c pressure and pore volume injected data

open(unit= 1 2,file='fig.data',status=' unknown')
rewind(unit= 12)

c calculate the time adjustment: tadj

tadj = deltat + 60.0 * (Vdead / q(1))

c set initial values

c Icount = number of actual data points read

Icount = 0
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c Npoint = number of points recoreded for graphing

Npoint = 0

c ntube = collection tube that data are for

ntube = 1

c runtime = cumulative time of the run

runtime = 0.0

c tubetime = cumulative run time that the tube "ntube" was collected

.: Atime = ctime(ntube)

c Vinj = cumulative fluid volume injected into the core
c corrected for Vdead and time

Vinj = 0.0

c Vinjole = cumulative fluid volume injected into the core
at the beginning of the averaging period

Vinjold = 0.0
c Vave = average volume injected into core during a time period

Vave = 0.0

c rtold = runtime at the beginning of the time step

rtold = 0 0

c qave = average flowrat during the time step

qave = 0.0

c crime(I) = collection time of tube "I'
c q(1) = flowrate of tube "I"
c told = last time point read
c dT = time difference between last time read and current time read
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do 999 j = 1,38
999 continue

I read(1 1,*) t, p

told = t

Icount = Icount + 1
t= t - tadj

if (Icount .GE. Istop) go to 20

if (t Ilt. 0.00000) go to 1
Npoint = Npoint + I

phi(Npoint) = p / (q(iitube))

pvi(Npoint) = 0.0

c start loop to determine pvi vs normalize± pressure

5 sumpress = 0.00
rtold = runtime
Vinjold = Vinj

Vav.- = 0.0
ncount = 0
do 10 1Il,n

Icount =Icount + 1
ncount =ncount + I
read(1 1,*) t, p
dT = dabs((t - told)/60.0)
runtime = runtimne + dT
told = t

7 if (runtime .gt. coltime) then
ntube = ntube + 1
coltime = coltime + ctime(ntube)
go to 7
end if

Vinj =Vinj + dT * q(ntube)
Vave =(Vave + dT * q(ntube)) / float(I)
qave =(Vinj - Vinjold) / (dabs(runtime - rtold))
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sumpress = sumpress + p
if (Icount .GE. Istop) go to 20

10 continue
20 Vave = Vave +Vinjold

avepress =sumpress / ncount
Npoint = Npoint + 1

phi(Npoint) = avepress / q'ive
pvi(Npoint) = (Vave) / (porevol)
if (Icount, LT. Istop) go to 5

c print data

write(12,100) Npoint
do 30 1 = I,Npoint

write(12,200) pvi(I), phi(I)
30 continue
100 format(15)
200 forrnat(f 16.8,3x,f 16.8)

return
end



165

Table A.5
Relative Permeability Analysis Summary;

Run 9 - First Dynamic Water Flood

PVI s o  Sw Sd k,o kr'. kr,d

0.625 0.4468 0.2786 0.0 0.5532 0.1767 0.0

0.750 0.4048 0.2343 0.0 0.5952 0.2132 0.0

1.000 0.3398 0.1968 0.0 0.6602 0.2992 0.0

1.250 0.3008 0.1578 0.0 0.6992 0.3372 0.0

1.500 0.2748 0.1371 0.0 0.7252 0.3713 0.0

1.750 0.2408 0.1076 0.0 0.7592 0.4210 0.0

2.000 0.2118 0.0829 0.0 0.7882 0.4622 0.0

2.250 0.1988 0.0695 0.0 0.8012 0.4848 0.0

2.500 0.1758 0.0534 0.0 0.8242 0.4957 0.0

3.000 0.1508 0.0389 0.0 0.8492 0.5334 0.0

4.000 0.1158 0.0113 0.0 0.8842 0.5746 0.0
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Table A.2
Relative Permeability Analysis Summary;

Run 2

PVI So  S", d  1kl,

0.5 0.3984 0.1635 0.4381 0.1005 0.0324 0.0857

0.75 0.3669 0.2810 0.3941 0.0625 0.0207 0.0999

1.0 0.3479 0.3185 0.3566 0.0463 0.0136 0.1074

1.25 0.3249 0.3470 0.3281 0.0346 0.0100 0.1168

1.5 0.3134 0.3725 0.3141 0.0308 0.0089 0.1240

1.75 0.2989 0.3980 0.3031 0.0245 0.0078 0.1310

2.0 0.2814 0.4155 0.3031 0.0184 0.0079 0.1323

2.5 0.2724 0.4560 0.2716 0.0105 0.0079 0.1346

3.0 0.2649 0.4970 0.2381 0.0144 0.0049 0.1450

4.0 0.2469 0.5445 0.2086 0.0105 0.0031 0.1690

5.0 0.1909 0.6350 0.1741 0.0026 0.0016 0.1850
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Table A.3
Fractional Collection Analysis Summary;

Run 3

tube tube tube tube cur. cum. cum. total oil water decane PVI
no. oil water decane oil water decane fluid rec. teC. rec.

vol. vol. vol. vol. vol. vol. vol. (PVI) (PVI (PVI)

(cc) (c) (cc) (cc) (cc) (cc) (cc)

1 0.89 6.93 0. 0.89 6.93 0. 7.82 0.00 0.05 0. 0.06
2 1.20 10.70 0. 2.09 17.63 0. 19.72 0.02 0.14 0. 0.15
3 ! 20 10.70 0. 3.29 28.33 0. 31.62 0.03 0.22 0. 0.25
4 1.15 10.70 0. 4.44 39.03 0. 43.47 0.03 0.30 0. 0.34
5 1.25 10.55 0. 5.69 49.58 0. 55.27 0.04 0.39 0. 0.43
6 130 10.30 0.10 6.99 59.88 0.10 66.97 0.05 0.47 0.00 0.52
7 0.35 1.45 10.05 7.34 61.33 10.15 78.82 0.06 0.48 0.08 0.62
8 0.30 1.25 10.30 7.64 62.58 20.45 90.67 0.06 0.49 0.16 0.71
9 030 1.00 10.70 7.94 63.58 31.15 102.67 0.06 0.50 0.24 0.80

10 0.20 1.00 10.80 8.14 64.58 41.95 114.67 0.06 0.50 0.33 0.90
11 0.20 0.80 10.95 8.34 65.38 52.90 126.62 0.07 0.51 0.41 0.99
12 0.18 0.72 11.10 8.52 66.10 64.00 138.62 0.07 0.52 0.50 1.08
13 0.18 0.62 11.15 8.70 66.72 75.15 150.57 0.07 0.52 0.59 1.18
14 0.19 0.53 11.23 8.89 67.25 8638 162.52 0.07 0.53 0.67 1.27
15 0.24 0.47 11.19 9.13 67.72 97.57 174.42 0.07 0.53 0.76 136
16 0.19 0.44 11.37 932 68.16 108.94 186.42 0.07 0.53 0.85 1.46
17 0.18 0.41 11.36 9.50 68.57 120.30 198-37 0.07 0.54 0.94 1.55

18 0.15 0.37 11.43 9.65 68.94 131.73 210.32 0.08 0.54 1.03 1.64

19 0.19 0.32 11.9 9.84 69.26 143.12 222.22 0.08 0.54 1.12 1.74
20 0.18 032 11.50 10.02 69.58 154.62 234.22 0.08 0.54 1.21 1.83
21 0.18 031 11.46 10.20 69.89 166.08 246.17 0.08 0.55 1.30 1.92
22 0.20 0.29 11.56 10.40 76.18 177.64 258.22 0.08 G.55 1.39 2.02
23 0.15 0.34 11.51 10.55 70.52 189.15 270.22 0.08 0.55 1.48 2.11
24 0.21 0.29 11.55 10.76 70.81 200.70 282.27 0.08 0.55 1.57 2.21
25 035 0.22 11.48 11.11 71.03 212.18 294.32 0.09 0.56 1.66 2.30
26 3.20 1.10 93.20 1431 72.13 30538 391.82 0.11 0.56 2.39 3.06
27 2.60 0.70 94.60 16.91 72.83 399.98 489.72 0.13 0.57 3.13 3.83
28 1.55 0.50 95.85 18.46 73.33 495.83 587.62 0.14 0.57 3.87 4.59
29 1.41 0.24 96.25 19.87 73.57 592.08 685.52 0.16 0.57 4.63 536
30 1.14 0.30 94.06 21.01 73.87 686.14 781.02 0.16 0.58 5.36 6.10
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Table A.4
Relative Permeability Analysis Summary;

Run 3

PVI So  Sw  Sd kr.o k. d

0.525 0.3250 0.2360 0.4390 0.0176 0.0172 0.0866

0.75 0.3150 0.2060 0.4790 0.0143 0.0133 0.0996

1.0 0.3140 0.1960 0.4900 0.0120 0.0103 0.1104

1.25 0.3140 0.1670 0.5190 0.0100 0.0069 0.1190

1.5 0.3140 0.1560 0.5300 0.0105 0.0056 0.1258

1.750 0.3150 0.1440 0.5410 0.0120 0.0046 0.1323

2.0 0.3150 0.1270 0.5580 0.0126 0.0037 0.1394

3.0 0.3520 0.1000 0.5480 0.0235 0.0019 0.1520

4.0 0.3090 0.0900 0.6010 0.0234 0.0013 0.1761

5.0 0.2640 0.0680 0.6680 0.0105 0.0004 0.2040
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Table A.6
Fractional Collection Analysis Summary

Ri.9- 7 irs Dvr.a-mic Watcr 7locd

tube tube tube tube cur. cUM. cum. total oil water decane PVI
no. oil water decane oil water decane fluid rec. rec. rec.

vol. vol. vol. vol. vol. vol. vol. (PVI) (PVI (PVI)
(cc) (cc) (cc) (cc) (cc) (cc) (cc)

1 238 0. 0. 2.38 0. 0. 238 0.02 0. 0. 0.02
2 6.70 0. 0. 9.08 0. 0. 9.08 0.07 0. 0. 0.07
3 6.50 0. 0. 15.58 0. 0. 15.58 0.12 0. 0. 0.12
4 6.55 0. 0. 22.13 0. 0. 22.13 0.17 0. 0. 0.17
5 6.70 0. 0. 28.83 0. 0. 28.83 0.22 0. 0. 0.22
6 6.50 0. 0. 35.33 0. 0. 3533 0.27 0. 0. 0.27
7 6.60 0. 0. 41.93 0. 0. 41.93 032 0. 0. 032
8 6.75 0. 0. 48.68 0. 0. 48.68 0.37 0. 0. 037
9 6.50 0. 0. 55.18 0. 0. 55.18 0.42 0. 0. 0.42

10 6.80 0. 0. 61.98 0. 0. 61.98 0.47 0. 0. 0.47
11 6.70 0. 0. 68.68 0. 0. 68.68 0.52 0. 0. 0.52
12 6.80 0. 0. 75.48 0. 0. 75.48 0.57 0. 0. 0.57
13 6.00 0.80 0. 81.48 0.80 0. 82.28 0.62 0.00 0. 0.62
14 3.35 3.45 0. 84.83 4.25 0. 89.08 0.64 0.03 0. 0.67
15 1.65 4.95 0. 86.48 9.20 0. 95.68 0.66 0.07 0. 0.73
16 130 5.30 0. 87.78 14.50 0. 102.28 0.67 0.11 0. 0.78
17 1.20 5.50 0. 88.98 20.00 0. 108.98 0.67 0.15 0. 0.83
18 1.15 5.60 0. 90.13 25.60 0. 115.73 0.68 0.19 0. 0.88
19 1.10 5.65 0. 91.23 31.25 0. 122.48 0.69 0.24 0. 0.93
20 0.96 5.74 0. 92.19 36.99 0. 129.18 0.7C 0.28 0. 0.98
21 0.90 5.85 0. 93.09 42.84 0. 135.93 0.71 032 0. 1.03
22 0.87 6.08 0. 93.96 48.92 0. 142.88 0.71 0.37 0. 1.08
23 0.71 6.24 0. 94.67 55.16 0. 149.83 0.72 0.42 0. 1.14
24 0.89 5.91 0. 95.56 61.07 0. 156.63 0.72 0.46 0. 1.19
25 0.62 5.13 0. 96.18 66.20 0. 162.38 0.73 0.50 0. 1.23
26 0.52 4.88 0. 96.70 71.08 0. 167.78 0.73 0.54 0. 1.27
27 0.59 4.96 0. 97.29 76.04 0. 17333 0.74 0.58 0. 1.31
28 0.51 5.09 0. 97.80 81.13 0. 178.93 0.74 0.61 0. 136
29 0.41 5.24 0. 98.21 8637 0. 184.58 0.74 0.65 0. 1.40
30 0.49 5.21 0. 98.70 91.58 0. 190.28 0.75 0.69 0. 1.44

31 0.40 530 0. 99.10 96.88 0. 195.98 0.75 0.73 0. 1.49
32 0.46 5.29 0. 99.56 102.17 0. 201.73 0.75 0.77 0. 1.53
33 0.41 5.44 0. 99.97 107.61 0. 207.58 0.76 0.82 0. 1.57
34 0.42 5.48 0. 100.39 113.09 0. 213.48 0.76 0.86 0. 1.62
35 0.43 5.57 0. 100.82 118.66 0. 219.48 0.76 0.90 0. 1.66
36 035 5.45 0. 101.17 124.11 0. 225.28 0.77 0.94 0. 1.71
37 1.34 34.16 0. 102.51 158.27 0. 260.78 0.78 1.20 0. 1.98
38 3.50 102.90 0. 106.01 261.17 0. 367.18 0.80 1.98 0. 2.78
39 1.59 107.11 0. 107.60 368.28 0. 475.88 0.82 2.79 0. 3.61
40 0.96 114.34 0. 108.56 482.62 0. 591.18 0.82 3.66 0. 4.48
41 0.49 110.41 0. 109.05 593.03 0. 702.08 0.83 4.49 0. 5.32
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Table A.7
Relative Permeability Analysis Summary;

Run 9 - Second Dynamic Water Flood

PVI So  Sw Sd kro k.w kr.d

0.625 0.5706 0.4819 0.0 0.4294 0.1310 0.0

0.750 0.4306 0.3183 0.0 0.5694 0.2141 0.0

1.000 0.3396 0.2185 0.0 0.6604 0.2820 0.0

1.250 0.2766 0.1594 0.0 0.7234 0.3408 0.0

1.500 0.2396 0.1252 0.0 0.7604 0.3747 0.0

1.750 0.2126 0.0988 0.0 0.7874 0.4086 0.0

2.000 0.1936 0.0807 0.0 0.8064 0.4273 0.0

2.250 0.1756 0.0649 0.0 0.8244 0.4372 0.0

2.500 0.1626 0.0562 0.0 0.8374 0.4530 0.0

3.000 0.1286 0.0331 0.0 0.8714 0.4826 0.0

4.000 0.0916 0.0044 0.0 0.9084 0.5312 0.0
____ ____ _ L ____
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Table A.8
Fractional Collection Analysis Summary
Run 9 - Second Dynamic Water Flood

tube tube tube tube cuM. cUr. cum. total oil water decane PVI
no. oil water decane oil water decane fluid rec. rec. rec.

vol. vol. vol. vol. vol. vol. vol. (PVI) (PVI (PVI)

1 1.07 0. 0. 1.07 0. 0. 1.07 0.00 0. 0. 0.00
2 5.55 0. 0. 6.62 0. 0. 6.62 0.05 0. 0. 0.05
3 5.45 0. 0. 12.07 0. 0. 12.07 0.09 0. 0. 0.09
4 5.65 0. 0. 17.72 0. 0. 7.72 0.13 0. 0. 0.13
5 535 0. 0. 23.07 0. 0. 23.07 0.17 0. 0. 0.17
6 5.55 0. 0. 28.62 0. 0. 28.62 0.22 0. 0. 0.22
7 5.55 0. 0. 34.17 0. 0. 34.17 0.26 0. 0. 0.26
8 5.55 0. 0. 39.72 0. 0. 39.72 030 0. 0. 0.30
9 5.80 0. 0. 45.52 0. 0. 45.52 0.34 0. 0. 0.34

10 5.74 0. 0. 51.26 0. 0. 51.26 039 0. 0. 0.39
11 5.65 0. 0. 56.91 0. 0. 56.91 0.43 0. 0. 0.43
12 5.80 0. 0. 62.71 0. 0. 62.71 0.48 0. 0. 0.48
13 5.70 0. 0. 68.41 0. 0. 68.41 0.52 0. 0. 0.52
14 5.95 0. 0. 7436 0. 0. 7436 0.56 0. 0. 0.56
15 5.75 0 10 0. 80.i1 0.10 0. 80.21 0.61 0.00 0. 0.61
16 3.40 2.35 0. 83.51 2.45 0. 85.96 0.63 0.02 0. 0.65
17 2.40 330 0. 85.91 5.75 0. 91.66 0.65 0.04 0. 0.69
18 1.80 4.00 0. 87.71 9.75 0. 97.46 0.66 0.07 0. 0.74
19 135 4.45 0. 89.06 14.20 0. 103.26 0.67 0.11 0. 0.78
20 130 4.50 0. 9036 18.70 0. 109.06 0.68 0.14 0. 0.83
21 1.10 4.63 0. 91.46 2333 0. 114.79 0.69 0.18 0. 0.87
22 1.10 4.70 0. 92.56 28.03 0. 120.59 0.70 0.21 0. 0.91
23 0.90 4.85 0. 93.46 32.88 0. 126.34 0.71 0.25 0. 0.96
24 1.00 4.65 0. 94.46 37.53 0. 131.99 0.72 0.28 0. 1.00
25 0.85 4.90 0. 95.31 42.43 0. 137.74 0.72 0.32 0. 1.04
26 0.80 5.00 0. 96.11 47.43 0. 143-54 0.73 0.36 0. 1.09
27 0.78 5.02 0. 96.89 52.45 0. 149.34 0.73 0.40 0. 1.13
28 0.68 4.97 0. 97.57 57.42 0. 154.99 0.74 0.44 0. 1.17
29 0.65 5.05 0. 98.22 62.47 0. 160.69 0.74 0.47 0. 1.22
30 0.60 5.25 0. 98.82 67.72 0. 166.54 0.75 0.51 0. 1.26
31 0.55 5.30 0. 99.37 73.02 0. 172.39 0.75 0.55 0. 1.31
32 0.53 5.27 0. 99.90 78.29 0. 178.19 0.76 0.59 0. 135
33 0.50 5.35 0. 100.40 83.64 0. 184.04 0.76 0.63 0. 1.39
34 0.50 5.40 0. 100.90 89.04 0. 189.94 0.76 0.67 0. 1.44
35 0.49 5.36 0. 101.39 94.40 0. 195.79 0.77 0.72 0. 1.48
36 0.43 5.57 0. 101.82 99.97 0. 201.79 0.77 0.76 0. 1.53
37 0.35 5.45 0. 102.17 105.42 0. 207.59 0.77 0.80 0. 1.57
38 035 535 0. 102.52 110.77 0. 213.29 0.78 0.84 0. 1.62
39 4.20 8732 0. 106.72 198.09 0. 304.81 0.81 150 0. 2.31
40 1.75 82.47 0. 108.47 280.56 0. 389.03 0.82 2.13 0. 2.95
41 1.04 94.62 0. 10951 375.18 0. 484.69 0.83 2.84 0. 3.67
42 0.35 99.15 0. 109.86 47433 0. 584.19 0.83 3.59 0. 4A3
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Table A.9
Relative Permeability Analysis Summary;

Run 9 - Third Dynamic Water Flood

PVI So  w Sd kro kr.w kr.d

0.540 0.5809 0.3380 0.0811 0.4025 0.0756 0.0

0.750 0.3659 0.5530 0.0811 0.1982 0.1825 0.0

1.000 0.3059 0.6130 0.0811 0.1511 0.2247 0.0

1.250 0.2509 0.6680 0.0811 0.1058 0.2642 0.0

1.500 0.2239 0.6950 0.0811 0.0904 0.2974 0.0

1.750 0.2039 0.7150 0.0811 0.0768 0.3144 0.0

2.000 0.1739 0.7450 0.0811 0.0523 0.3292 0.0

2.250 0.1529 0.7660 0.0811 0.0397 0.3437 0.0

2.500 0.1349 0.7840 0.0811 0.0296 0.3592 0.0

3.000 0.1229 0.7960 0.0811 0.0250 0.3811 0.0

4.000 0.0829 0.8360 0.0811 0.0062 0.4142 0.0



170

Table A.10
Fractional Collection Analysis Summary

Run 9 - Third Dynamic Water Flood

:ube tube tube tube cuM. cUr. Cum. total oil water decane PVI
no. oil water decane oil water decane fluid rec. rec. rec.

vol. vol. vol. vol. vol. vol. vol. (PVI) (PVI (PVI)
(c) (cc) (cc) (CC) (cc) (c0) (cc)

1 238 0. 0. 238 0. 0. 238 0.02 0. 0. 0.02
2 6.45 0. 0. 8.83 0. 0. 8.83 0.07 0. 0. 0.07

3 6.60 0. 0. 15.43 0. 0. 15.43 0.12 0. 0. 0.12
4 6.70 0. 0. 22.13 0. 0. 22.13 0.17 0. 0. 0.17

5 6.60 0. 0. 28.73 0. 0. 28.73 0.22 0. 0. 0.22
6 6.65 0. 0. 3538 0. 0. 3538 0.27 0. 0. 0.27
7 6.60 0. 0. 41.98 0. 0. 41.98 0.32 0. 0. 032
8 6.50 0. 0. 48.48 0. 0. 48.48 037 0. 0. 037
9 6.75 0. 0. 55.23 0. 0. 55.23 0.42 0. 0. 0.42

10 6.55 0. 0. 61.78 0. 0. 61.78 0.47 0. 0. 0.47
11 6.50 0. 0. 68.28 0. 0. 68.28 0.52 0. 0. 0.52
12 4.90 1.70 0. 73.18 1.70 0. 74.88 0.55 0.01 0. 0.57
13 3.10 3.50 0. 76.28 5.20 0. 81.48 0.58 0.04 0. 0.62
14 2.00 4.70 0. 78.28 9.90 0. 88.18 0.59 0.08 0. 0.67
15 1.69 5.11 0. 79.97 15.01 0. 94.98 0.61 0.11 0. 0.72
16 132 5.18 0. 81.29 20.19 0. 101.48 0.62 0.15 0. 0.77

17 130 530 0. 82.59 25.49 0. 108.08 0.63 0.19 0. 0.82
18 1.17 5.48 0. 83.76 30.97 0. 114.73 0.63 0.23 0. 0.87
19 1.09 5.61 0. 84.85 36.58 0. 121.43 0.64 0.28 0. 0.92

20 0.95 5.65 0. 85.80 42.23 0. 128.03 0.65 032 0. 0.97
21 0.87 5.78 0. 86.67 48.01 0. 134.68 0.66 036 0. 1.02
22 0.86 5.89 0. 87.53 53.90 0. 141.43 0.66 0.41 0. 1.07
23 0.71 5.99 0. 88.24 59.89 0. 148.13 0.67 0.45 0. 1.12

24 0.68 5.92 0. 88.92 65.81 0. 154.73 0.67 0.50 0. 1.17
25 0.68 6.02 0. 89.60 71.83 0. 161.43 0.68 0.54 0. 1.22

26 0.65 6.05 0. 90.25 77.88 0. 168.13 0.68 0.59 0. 1.27
27 0.50 6.20 0. 90.75 84.08 0. 174.83 0.69 0.64 0. 132
28 0.49 6.11 0. 91.24 90.19 0. 181.43 0.69 0.68 0. 1.37
29 0.49 6.21 0. 91.73 96.40 0. 188.13 0.70 0.73 0. 1.43
30 0.45 6.25 0. 92.18 102.65 0. 194.83 0.70 0.78 0. 1.48
31 0.45 6.15 0. 92.63 108.80 0. 201.43 0.70 0.82 0. 1.53
32 038 6.27 0. 93.01 115.07 0. 208.08 0.70 0.87 0. 1.58
33 2.40 54.10 0. 95.41 169.17 0. 264.58 0.72 1.28 0. 2.00
34 2.45 91.04 0. 97.86 260.21 0. 358.07 0.74 1.97 0. 2.71
35 1.10 8835 0. 98.96 348.56 0. 447.52 0.75 2.64 0. 339
36 0.75 95.11 0. 99.71 443.67 0. 54338 0.76 336 0. 4.12
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Table A.11
Relative Permeability Analysis Summary;

Run 8 - Dynamic Decane Flood

PVI so  S w Sd k-r.o krw l%.d

0.250 0.7481 0.0313 0.2206 0.3949 0. 0.0281

0.500 0.5801 0.0313 0.3886 0.1942 0. 0.0846

0.750 0.5021 0.0313 0.4666 0.1560 0. 0.1361

1.000 0.4481 0.0313 0.5206 0.1206 0. 0.1699

1.250 0.4081 0.0313 0.5606 0.0937 0. 0.1947

1.500 0.3801 0.0313 0.5886 0.0781 0. 0.2163

1.750 0.3621 0.0313 0.6066 0.0671 0. 0.2281

2.000 0.3411 0.0313 0.6276 0.0580 0. 0.2480

3.000 0.3031 0.0313 0.6656 0.0312 0. 0.2879

4.000 0.2531 0.0313 0.7156 0.0243 0. 0.3130

5.000 0.2141 0.0313 0.7546 0.0111 0. 0.3346
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Table A.12
Fractional Collection Analysis Summary

Run 8 - Dynamic Decane Flood

tube tube tube tube cum. cur. cum. total oil water decane PVI
no. oil water decane oil water decane fluid rec. rec. rec.

vol. vol. vol. vol. vol. vol. vol. (PVI) (PVI (PVI)
(cc) (cc) (cc) (cc) (cc) (cc) (cc)

1 1.77 0. 0.70 1.77 0. 0.70 2.47 0.01 0. 0.00 0.02
2 6.40 0. 0.20 8.17 0. 0.90 9.07 0.06 0. 0.00 0.07
3 6.40 0. 0.30 14.57 0. 1.20 15.77 0.11 0. 0.00 0.12
4 6.00 0. 0.70 20.57 0. 1.90 22.47 0.15 0. 0.01 0.17
5 5.30 0. 1.20 25.87 0. 3.10 28.97 0.19 0. 0.02 0.22
6 5.30 0. 1.35 31.17 0. 4.45 35.62 0.23 0. 0.03 0.27
7 4.75 0. 1.85 35.92 0. 6.30 42.22 0.27 0. 0.05 0.32

8 4.50 0. 2.20 40.42 0. 8.50 48.92 0.30 0. 0.06 0.37
9 3.70 0. 2.90 44.12 0. 11.40 55.52 033 0. 0.09 0.41

10 2.80 0. 3.80 46.92 0. 15.20 62.12 0.35 0. 0.11 0.46
11 2.30 0. 4.30 49.22 0. 19.50 68.72 0.37 0. 0.15 0.51
12 2.00 0. 4.50 51.22 0. 24.00 75.22 0.38 0. 0.18 0.56
13 1.70 0. 4.80 52.92 0. 28.80 81.72 0.39 0. 0.21 0.61
14 1.60 0. 5.05 54.52 0. 33.85 88.37 0.41 0. 0.25 0.66
15 1.40 0. 5.25 55.92 0. 39.10 95.02 0.42 0. 0.29 0.71
16 1.30 0. 5.40 57.22 0. 44.50 101.72 0.43 0. 0.33 0.76
17 1.20 0. 5.55 58.42 0. 50.05 108.47 0.44 0. 0.37 0.81
18 0.99 0. 5.51 59.41 0. 55.56 114.97 0.44 0. 0.41 0.86
19 0.95 0. 5.65 6036 0. 61.21 121.57 0.45 0. 0.46 0.91
20 0.88 0. 5.72 61.24 0. 66.93 128.17 0.46 0. 0.50 0.96

21 0.88 0. 5.82 62.12 0. 72.75 134.87 0.46 0. 0.54 1.01
22 0.70 0. 5.85 62.82 0. 78.60 141.42 0.47 0. 0.59 1.06
23 0.78 0. 5.97 63.60 0. 84.57 148.17 0.47 0. 0.63 1.11

24 0.65 0. 5.95 64.25 0. 90.52 154.77 0.48 0. 0.68 1.15
25 0.55 0. 5.95 64.80 0. 96.47 161.27 0.48 0. 0.72 1.20
26 0.62 0. 6.03 65.42 0. 102.50 167.92 0.49 0. 0.76 1.25
27 0.60 0. 6.05 66.02 0. 108.55 174.57 0.49 0. 0.81 1.30
28 0.61 0. 6.20 66.63 0. 114.75 18137 0.50 0. 0.86 135
29 0.50 0. 6.00 67.13 0. 120.75 187.87 0.50 0. 0.90 1.40
30 0.49 0. 6.16 67.62 0. 126.91 194.52 0.50 0. 0.95 1.45

31 0.48 0. 6.17 68.10 0. 133.08 201.17 0.51 0. 0.99 1.50
32 0.42 0. 6.13 68.52 0. 139.20 207.72 0.51 0. 1.04 1.55
33 0.40 0. 6.25 68.92 0. 145.45 214.37 0.51 0. 1.09 1.60
34 0.41 0. 6.34 6933 0. 151.80 221.12 0.52 0. 1.13 1.65
35 0.41 0. 6.34 69.74 0. 158.14 227.87 0-52 0. 1.18 1.70

36 0.39 0. 6.31 70.13 0. 164.45 234.57 0.52 0. 1.23 1.75
37 4.60 0. 95.50 74.73 0. 259.95 334.67 0.56 0. 1.94 2.50
38 3.20 0. 103.40 77.93 0. 363.34 441.27 0.58 0. 2.71 3.29
39 1.70 0. 98.40 79.63 0. 461.74 54137 0.59 0. 3.45 4.04
40 139 0. 98.71 81.02 0. 560.45 641.47 0.60 0. 4.18 4.79
41 0.60 0. 53.80 81.62 0. 614.25 695.87 0.61 0. 4-58 5.19
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Table A.13
Fractional Collection Analysis Summary;

Run 4

tube tube tube tube cuM. cur. cuM. total oil water decane PVI

no. oil water decane oil water decane fluid rec. rec. rec.
vol. vol. vol. vol. vol. vol. vol. (PVI) (PVI (PVI)

(cc) (cc) (cc) (cc) (cc) (cc) (cc)

1 0.42 0. 4.04 0.42 0. 4.04 4.46 0.00 0. 0.03 0.03
2 0.72 0. 6.58 1.14 0. 10.62 11.76 0.00 0. 0.08 0.09
3 0.79 0. 6.46 1.93 0. 17.08 19.01 0.01 0. 0.13 0.14
4 0.66 0. 6.48 2.59 0. 23.56 26.15 0.02 0. 0.18 0.20
5 0.70 0. 6.55 3.29 0. 30.11 33.40 0.03 0. 0.23 0.25

6 0.69 0. 6.56 3.98 0. 36.67 40.65 0.03 0. 0.28 0.31
7 0.78 0. 6.63 4.76 0. 43.30 48.06 0.04 0. 033 037
8 3.10 0.10 4.05 7.86 0.10 47.35 5531 0.06 0.00 036 0.42
9 7.30 0.10 0.10 15.16 0.20 47.45 62.81 0.12 0.00 036 0.48

10 7.40 0.05 0.05 22.56 0.25 47.50 7031 0.17 0.00 036 0.53
11 535 2.05 0.10 27.91 2.30 47.60 77.81 0.21 0.02 0.36 0.59

12 3.40 3.90 0. 31.31 6.20 47.60 85.11 0.24 0.05 036 0.65
13 1.80 5.45 0. 33.11 11.65 47.60 92-36 0.25 0.09 0.36 0.70
14 1.45 5.85 0. 34.56 17.50 47.60 99.66 0.26 0.13 036 0.76
15 1.09 6.21 0. 35.65 23.71 47.60 106.96 0.27 0.18 036 0.81
16 1.06 6.34 0. 36.71 30.05 47.60 114.36 0.28 0.23 036 0.87
17 1.01 6.34 0. 37.72 3639 47.60 121.71 0.29 0.28 0.36 0.93
18 0.94 6.46 0. 38.66 42.85 47.60 129.11 0.29 0.33 0.36 0.98

19 0.91 6.49 0. 39.57 49.34 47.60 136.51 0.30 0.38 0.36 1.04
20 0.76 6.64 0. 4033 55.98 47.60 143.91 0.31 0.43 036 1.09
21 0.69 6.66 0. 41.02 62.64 47.60 151.26 0.31 0.48 0.36 1.15
22 0.70 6.60 0. 41.72 69.24 47.60 158.56 0.32 0.53 0.36 1.21

23 0.45 6.90 0. 42.17 76.14 47.60 165.91 0.32 0.58 0.36 1.26

24 0.59 6.76 0. 42.76 82.90 47.60 173.26 0.33 0.63 0.36 1.32
25 0.35 7.05 0. 43.11 89.95 47.60 180.66 0.33 0.68 0.36 137
26 0.50 7.00 0. 43.61 96.95 47.60 188.16 0.33 0.74 0.36 1.43

27 0.26 7.19 0. 43.87 104.14 47.60 195.61 0.33 0.79 036 1.49
28 0.50 6.95 0. 4437 111.09 47.60 203.06 0.34 0.84 0.36 1.54
29 0.25 7.10 0. 44.62 118.19 47.60 210.41 0.34 0.90 0.36 1.60
30 0.34 7.06 0. 44.96 125.25 47.60 217.81 0.34 0.95 0.36 1.66
31 0.50 6.85 0. 45.46 132.10 47.60 225.16 0.35 1.00 0.36 1.71
32 0.22 7.08 0. 45.68 139.18 47.60 232.46 0.35 1.06 0.36 1.77
33 0.25 7.15 0. 45.93 14633 47.60 239.86 0.35 1.11 0.36 1.82

34 0.25 7.20 0. 46.18 153.53 47.60 24731 0-35 1.17 0.36 1.88
35 0.21 7.24 0. 4639 160.77 47.60 254.76 0.35 1.22 036 1.94
36 0.22 7.23 0. 46.61 168.00 47.60 262.21 035 1.28 0.36 1.99
37 2.21 93.71 0. 48.82 261.71 47.60 358.13 0.37 1.99 0.36 2.72
38 0.95 97.09 0. 49.77 358.80 47.60 456.17 0.38 2.73 036 3.47
39 0.47 109.83 0. 50.24 468.63 47.60 566.47 038 3.56 0.36 4.31

40 0.30 97.74 0. 50.54 566.37 47.60 664.51 0-38 431 036 5.05
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Table A I
Relative Permeability Analysis Summary;

Run 4

PVI s o  Sw Sd kx.L k- k,,d -

0.395 0.8500 0.0200 0.1300 0.5267 0.0 0.0 1.0

0.500 0.8500 0.0200 0.,300 0.4201 0.0 0.0 0.79

0.600 0.535 0.3350 0.1300 - - - 0.658

0.650 0.474 0.3960 0.1300 - - - 0.608

0.750 0.3900 0.4800 0.1300 0.1974 0.1710 0.0 0.53

1.000 0.3100 0.5600 0.1300 0.1246 0.2222 0.0 0.395

1.250 0.2610 0.6090 0.1300 0.0827 0.2490 0.0 0.316

1.500 0.2350 0.6350 0.1300 0.0681 0.2817 0.0 0.263

1.750 0.2150 0.6550 0.1300 0.0591 0.3123 0.0 0.226

2.000 0.1990 0.6710 0.130C 0.0441 0.3200 6.0 0.198

3.000 0 1520 0.7180 0.1300 0.1860 0.3780 0.0 0.132

4.(XX 0.1220 0.7480 0.1300 0.0095 0.3930 0.0 0.099

5.000 0.1150 0.7550 0.1300 0.0034 0.4060 0.0 0.079
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Table A.15
Fractional Collection Analysis Summary;

Run!;

tube tub, tube rube cure. cum. cure. total oil water decwae PVI
no. oil water decane oil water decane fluid rec. rec. rec.

vol. voL. vol. vol. Vol. vol. vol. (FVI) (PVI (PVI)
(cc) (c, (cc) (cc) (c) (cc) (cc)

1 0.08 0. 1.09 0.08 0. 1.09 1.17 0.00 0. 0.00 0.00
2 0.40 0. 6.55 0.48 0. 7.64 8.12 0.O 0. 0.06 0.06
3 03b 0. 6.52 0.86 0. 14.16 15.02 0.00 0. 0.11 0.11
4 0.39 0. 6.61 1.25 0 20.77 22.02 0.00 0. 0.16 0.16
5 I 40 0. 6.60 1.65 0. 27.37 29.02 0.01 0. 0.20 0.22

6 0.40 0. 6.63 2.05 0. 33.97 36.02 0.02 0. 0.25 0.27
7 036 0. 6.49 2.41 0. 40.46 42.87 0.02 0. 0-30 032
8 0.38 0. 6-52 2.79 0. 46.9. 49 77 0.02 0. 0.35 0.37
9 0.35 0. 6.45 3.14 0. 53.43 56.57 0.02 0. 0.40 0.42

10 2.00 0. 4.90 5.14 0. 58.33 63.47 0.04 0. 0.44 0.48
11 5.30 1.0 0.10 10.44 1.60 58.43 70.47 0.08 0.01 0.44 0.53
12 3.10 3.90 0. 13.54 550 58.43 77.47 0.10 0.04 0.44 0.58
13 2.90 4.00 0. 16.44 9.50 53.43 84.37 0.12 0.07 0.44 0.63
14 2.70 4.30 0. 19.14 13.80 58.43 9137 0.14 0.10 0.44 0.68
15 2.15 4.85 0. 21.29 18.65k 58.43 9837 0.16 0.14 0.44 0.74
16 135 5.60 0. 22.64 24.25 58.43 105.32 0.17 0.18 0.44 0.79
17 1.18 5.82 0. 23.82 30.07 58.43 11232 0.18 0.23 0.44 0.84
18 1.11 5.89 0. 24.93 35.96 58.43 119.32 0.19 0.27 0.44 0.89
19 1.10 6.00 0. 26.03 41.96 58.43 126.42 0.20 0-31 0.44 0.95
20 0.90 6.20 0. 26.93 48.16 58.43 133.52 0.20 0.36 0.44 1.00
21 0.90 6.10 0. 27.83 54.26 58.43 140.52 0.21 0.41 0.44 1.05
22 0.72 6.48 0. 28.55 60.74 58.43 147.72 0.21 0.45 0.44 1.11
23 0.75 6.25 0. 29.30 66.99 58.43 154.72 0.22 0.50 0.44 1.16
24 0.63 6.47 0. 29.93 73.46 58.43 161.82 0.22 0.55 0.44 1.21
25 0.57 6.53 0. 30.50 79.99 58.43 168.92 0.23 0.60 0.44 1.27
26 0.67 6.43 0. 31.17 ho.42 58.43 176.02 0.23 0.65 0.44 1.32
27 0.44 6.56 0. :,1.61 92.98 58.43 183.02 0.24 0.70 0.44 1.37
28 0.43 6.57 0. 32.04 99.55 58.43 190.02 0.24 0.75 0.44 1.42
29 0.41 6-59 0. 32.45 106.14 58.43 197.02 0.24 0.80 0.44 1.48
30 035 6.65 0. 32.80 112.79 58.43 204.02 0.25 0.84 0.44 1.53
31 031 6.69 0. 33.11 119.48 58.43 211.02 0.25 0.89 0.44 1.58
32 0.28 6.72 0. 3339 126.20 58.43 218.02 0.25 0.95 0.44 1.63
33 3.20 96.90 0. 36.59 223.10 58.43 318.12 0.27 1.67 0.44 238
34 1.26 99.04 0. 37.85 322.14 A8.43 418.42 0.28 2.41 0.44 3.13
35 0.60 92.77 0. 38.45 414.91 58.43 511.79 0.29 3.11 0.4 3.83
36 0.55 92.82 0. 39.00 507.73 58.43 605.16 0.29 3.F" 0.44 4.53
37 0.21 100.09 0. 39.21 607.82 58.43 705.46 0.29 4.55 0.44 5.28
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Table A.16
Relative Permeability Analysis Summary;

Run 5

x
PVI So w Sd kro krw k,.d -

0.460 0.8280 0.0274 0.1446 0.5965 0.0 0.0 1.0

0.500 0.6880 0.1674 0.1446 0.2230 0.0947 0.0 0.920

0.750 0.4030 0.4524 0.1446 0.1756 0.1340 0.0 0.613

1.000 0.3300 0.5254 0.1446 0.1425 0.1978 0.0 0.460

1.250 0.2680 0.5874 0.1446 0.0980 0.2398 0.0 0.368

1.500 0.2200 0.6354 0.1446 0.0594 0.2718 0.0 0.307

1.750 0.1980 0.6574 0.1446 0.0495 0.2929 0.0 0.263

2.000 0.1790 0.6764 0.1446 0.0424 0.3068 0.0 0.230

3.000 0.1380 0.7174 0.1446 0.0189 0.3578 0.0 0.153

4.000 0.1120 0.7434 0.1446 0.0077 0.3980 0.0 0.115

5.000 0.0990 0.7564 0.1446 0.0045 0.4380 0.0 0.092
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Table A.17
Fractional Collection Analysis Summary

Run 8 - Dynamic Water Flood

tube tube tube rube cUr. cuM. cUr. total oil water decrne PVI
no. oil water decane oil water decane fluid rec. rec. rec.

vol. vol. vol. vol. vol. vol. vol. (PVI) (PVI (PVI)
(cc) (c (cc) (cc) (cc) (cc) (cc)

1 0. 0. 3.07 0. 0. 3.07 3.07 0. 0. 0.02 0.02

2 0. 0. 6.70 0. 0. 9.77 9.77 0. 0. 0.07 0.07
3 0. 0. 6.70 0. 0. 16.47 16.47 0. 0. 0.12 0.12
4 0. 0. 6.70 0. 0. 23.17 23.17 0. 0. 0.17 0.17

5 0. 0. 6.55 0. 0. 29.72 29.72 0. 0. 0.22 0.22
6 0. 0. 6.60 0. 0. 36.32 36.32 0. 0. 0.27 0.27

7 0. 0. 6.65 0. 0. 42.97 42.97 0. 0. 0.32 0.32
8 0. 0. 6.70 0. 0. 49.67 49.67 0. 0. 0.37 0.37
9 0. 0. 6.49 0. 0. 56.16 56.16 0. 0. 0.42 0.42

10 0. 0. 6.65 0. 0. 62.81 62.81 0. 0. 0.47 0.47
11 0. 0. 6.60 0. 0. 69.41 69.41 0. 0. 0.52 0.52
12 0. 0. 6.75 0. 0. 76.16 76.16 0. 0. 0.57 0.57

13 1.40 2.10 3.05 1.40 2.10 79.21 82.71 0.01 0.02 0.59 0.62
14 0.32 6.33 0.10 1.72 8.43 79.31 89.46 0.01 0.06 0.59 0.67
15 0.43 6.27 0.10 2.15 14.70 79.41 96.26 0.02 0.11 0.59 0.72
16 0.39 6.11 0. 2.54 20.81 79.41 102.76 0.02 0.16 0.59 0.77
17 0.40 6.25 0. 2.94 27.06 79.41 109.41 0.02 0.20 0.59 0.82
18 0.38 6.27 0. 3.32 3333 79.41 116.06 0.02 0.25 0.59 0.87
19 0.30 6.30 0. 3.62 39.63 79.41 122.66 0.03 0.30 0.59 0.92
20 0.24 6.31 0. 3.86 45.94 79.41 129.21 0.03 0.34 0.59 0.96
21 0.15 6.40 0. 4.01 5234 79.41 135.76 0.03 0.39 0.59 1.01
22 0.29 6.36 0. 4.30 58.70 79.41 142.41 0.03 0.44 0.59 1.06
23 0.20 6.35 0. 4.50 65.05 79.41 148.96 0.03 0.49 0.59 1.11
24 0.24 6.51 0. 4.74 71.56 79.41 155.71 0.04 0.53 0.59 1.16
25 0.15 6.55 0. 4.89 78.11 79.41 162.41 0.04 0.58 0.59 1.21
26 2.00 102.22 0. 6.89 18033 79.41 266.63 0.05 1.35 0.59 1.99
27 1.02 103.20 0. 7.91 283.53 79.41 370.85 0.06 2.12 0.59 2.77
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Table A.18
Relative Permeability Analysis Summary;

Run 8 - Dynamic Water Flood

PVI So  Sw Sd kk 7  k r,d -

0.559 0.7400 0.0613 0.1987 - 1.0

0.620 0.2240 0.5770 0.1987 - 0.902

0.650 0.2140 0.5873 0.1987 - - - 0.86

0.750 0.2069 0.5944 0.1987 0.0736 0.2660 0.0 0.745

1.000 0.1859 0.6154 0.1987 0.0474 0.2758 0.0 0.559

1.250 0.1789 0.6224 0.1987 0.0311 0.2830 0.0 0.447

1.500 0.1649 0.6364 0.1987 0.0240 0.2885 0.0 0.373

1.750 0.1589 0.6424 0.1987 0.0196 0.2927 0.0 0.319

2.000 0.1479 0.6534 0.1987 0.0174 0.2966 0.0 0.280

2.500 0.1469 0.6544 0.1987 0.0130 0.2977 0.0 0.224
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Table A.19
Run Core Characteristics

Run Core bead pore porosity ka,

no. no. wt. vol. % [darcy]

[g] [ccl

1 1 541.6 134.1 39.3 -

2 2 533.4 134.7 39.5 43.33

3 1 536.9 128.0 37.5 21.08

4 2 531.5 131.5 38.6 22.92

5 2 535.1 133.5 39.1 22.67

6 1 532.1 135.9 39.9 -

7 1 533.7 134.4 39.4 -

8 2 537.4 134.0 39.3 21.41

9 1 542.6 131.9 38.7 19.57
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Appendix B

COMPUTER PROGRAMS
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B.1 READPT.BAS

10 REM *** CONTINOUS PRESSURF SAMPLE PROGRAM *

20 CLS
30 ON ERROR GOTO 500
40 OPEN"COM 1:1200,N,8,1,CS,DS,LF"AS# 1
50 PRINT#l, "*0100VR'I
60 CLOSE#1
80 INPUT "FILENAME FOR RESULTS";FILE$
90 INPUT "ENTER CORE NUMBER:";TYPE$
100 INPUT "WATER RATE IN [CC/MIN]:";RATE1
110 INPUT "BENZYL ALCOHOL RATE IN [CC/MIN]:";RATE2
120 INPUT "DECANE RATE IN [CC/MIN]:";RATE3
130 OPEN FILE$ FOR APPEND AS #2
140 WRITE #2,"DATA FILE: " ,FILE$
150 WRITE #2,"CORE NUMBER: ",TYPE$
160 WRITE #2,"H20 RATE: ",RATEI," BA RATE: ",RATE2," C10 RATE: ",RATE3
170 PRINT ...
180 PRINT "PROGRAM IS STOPPED BY PRESSING 'S' (CAPITAL - S)"
190 PRINT ""
200 PRINT "PRESS ANY KEY TO START
210 X$ = INKEY$: IF X$ = .... THEN 210

220 REM *** READ INITIAL TEMPERATURE IN DEGREES CENTIGRADE ***

230 OPEN"COM 1:1200,N,8,1,CS,DSLF"AS# 1
240 PRINT#1,"*0100Q3"
250 INPUT #1,A$
260 A$ = MID$(A$,6)
270 WRITE #2,"INITIAL TEMPERATURE (C): ",A$
280 PRINT;"INITIAL TEMPERATURE (C): "A$
290 PRINT#1,"*0100P4"

300 REM *** INITIALIZE TIMER *

310 NOW = TIMER
320 DT = TIMER - NOW

330 REM *** READ PRESSURE VALUES IN PSI *
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c Rd = decane recovered
c Rw = water recovered
c Data must be entered into the data file as follows:
c pore volume of core - (porevol)
c number of collection samples - (nsamp)
c total dead volume of flowing system - (AB)
c actual decane flow rate being pumped through system - (qd)
c actual oil flow rate being pumped through system - (qo)

read (5,*) porevol
read (5,*) nsamp
read (5,*) AB
read (5,*) qd
read (5,*) qo

c Determine the fractional flow of the decane and oil
fd = qd / (qd + qo)
fo = qo / (qd + qo)

c Constd and consto are the dead volumes of the decane and oil
constd = ab*fd

consto = ab*fo

c Initialize the Arrays
do 10 I = l,nsamp

Itube(I) = 0

o(I) = 0.0
w(1) = 0.0
d(I) = 0.0

Vo(I) = 0.0
Vw(I) = 0.0
Vd(I) = 0.0
Vt(I) = 0.0
Vtw(1) = 0.0
Vto(I) = 0.0

Vtd(I) = 0.0
Vtt(I) = 0.0

pvi(I) = 0.0

Ro(I) = 0.0
Rd(I) = 0.0
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Rw(l) = 0.0
10 continue

c Read in data
do 20 1 = 1,nsamp

read (5,*) Itube(D), o(I), w(D), d(I)
20 continue

1=1I
Vo(I) =o(1) - consto
Vto(I) =Vo(I)

Ro(I) =Vto(I) / porevol
Vw(I) =W(I) - 0(1)
Vtw(D = VW(I)
Vd(I) =d(l) - w(I) - constd
Vtd(D = Vd(I)
Rd(I) =Vtd(I) / porevol
Vtt(I) =Vto(I) + Vtw(I) + Vtd(I)
pvi(I) =Vtt(I) / porevol
Rw(I) =Vtw(I) / porevol

do 30 1 2,nsamp
VO(I) = (1)
Vto(I) =Vo(I) + Vto(I-1)
Ro(I) =Vto(I) / porevol
Vw(I) =w(I) - o(I)
Vtw(I) =Vw(I) + vtw(I-1)
Vd(I) =d(I) - w(I)
Vtd(I) =Vd(I) + Vtd(I-1)
Rd(I) =Vtd(I) / porev'o1
Vtt(I) =Vto(I) + Vtw(I) + Vtd(I)
pvi(I) =Vtt(I) / porevol
R-.(1) =Vtw(1) I porevol

30 contlnue
ndsamp = nsamp + I

write (3,100) ndsamp
ci =0.0
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c2 = 0.0
write (3,101) ci, c2
do 40 j = I,nsamp

write (3, 101) pvioj), Rooj)
40 continue

write (3,110) ndsamp
write (3,101) ci, c2
do 50 j = l,nsamp

write (3, 101) pvioj), Rdoj)
50 continue

write (3,120) ndsamp
write (3,10i) ci, c2
do 60 j = I,nsamp

write (3, 101) pvioj), Rwoj)
60 continue

write(3,124) 0
write(4,125)
write(8, 126)
write(4,150)
write(8, 150)
write(4, 130)
write(8,13 1)
do 80 1 = 1,nsarnp

write(4,140) Itube(I), Vo(I), Vw(D, Vd(I),
$ Vto(I), Vtw(I), Vtd(I), Vtt(D), Ro(I), Rw(I),
$ Rd(I), pvi(I)

write(8,141) Itube(I), o(I), wQI), d(I)
80 continue

stop
100 format (I5,' Ro data')
101 format (f12.5,5x,f12.5)
110 format (15,' Rd data')
120 format (15,' Rw data')
124 format (15)
125 format ('fractional collection analysis')
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126 format ('fractional collection data '

130 format (' # Vo Vw Vd Vto Vtw Vtd Vtt Ro
$ Rw Rd PVI')

131 format ('# o w d '

140 format (12,lx,f5.2,lx,6(f6.2,lx),4(f5.2))
141 format (13,lx,3(f 7.3,lx))
150 format(')

end
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B.3 PVST.F

c This program takes the raw pressure vs time data and averages each
c "n "number of up to Istop "number of raw data points for
c fixed injection flow rates.
c The pore volume and flow rate must be provided under the parameters

implicit real*8 (a-h,o-z)

dimension time(500), press(500)
dimension pvi(500), phi(500)
dimension avetime(500), avepress(500)
parameter ( n = 100, Istop = 10100)
parameter ( q = 2.2175, porevol = 134.01)

open(unit=3,file='pvivsq' ,status='unknown')
rewind(unit=3)

open (unit=4,file=' pv st' ,statu s='unknown')
rewind(unit=3)
Icount = 0
npoint = 0
read(5,*) time(1), press(1)

I sumtime = 0.00
sumpress = 0.00
ncount = 0
do 10 1I l,n

Icount =Icount + 1
ncount = ncount + 1
read(5,*) time(J), press(1)
surime =sumtime + time(I)
sumpress =sumpress + press(I)
if (Icount .GE. Istop) go to 20

10 continue
20 npoint = npoint + 1

avetime(npoint) =sumtime / (ncount *60.0)

avepress(npoint) =sumpress / ncount
phi(npoint) = avepress(npoint) /q
pvi(npoint) = (avetime(npoint) *q) / (porevol)
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if (Icount .GE. Istop) go to 30
go to 1

30 write(3,101) npoint
write(4,1O1) npoint
do 40 1 = 1,npoint

write(3,100) pvi(I) , phi(I)
write(4,100) avetime(I), avepress(I)

40 continue
100 forrnat(f 16.8,3x,f 16.8)
101 format(16)

end
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BA4 VARIQ.F

c This program determines the normalized presF-ure profile vs pore
c volumes :jected for varying flow rates.

c The program first does fractional collection analysis
c calculationc.- for water floods then calls the subroutine fixflow
c which determines the normalized pressure profile for varying flow
c rates by determining the flow rate for each collection time.

c There is a limit of 50 collection containers

dimension o(50), w(50), d(50)
dimension Vo(50), Vw(50), Vd(50), Vt(50)
dimension Vto(50), Vtw(50), Vtd(50), Vtt(50)
dimension pvi(50), Itube(50), Ro(50), Rd(50), Rw(50)
common/al ctime(50), q(50)

implicit real*8 (a-h,o-z)

open (unit=7,fi le='datafrac ',statu s='old' .access=' unknown')
rewind(unit=7)

open (un it=3,file='recovdata' ,status= unknown')
rewind(unit=3)

open (uni t=4,file= 'recr , prin ' ,status=' unknown')
rewind(unit=4)

open(unit=8,file='echodata',status='unknown')
rewind(unit=8)

c Variables are as follows.
c o =level of the benzyl alcohol in the container
c w =level of the water in the container
c d = eve' of the decane in t~e container

c Vo =volume of benzyl alcohol in the container
c Vw =volume of water in the container
c Vd =volume of de-n~e in the container
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c Vto = total volume of benzyl alcohol collected
c Vtw = total volume of water collected
c Vtd = total volume of decane collected

r Vtt = total combined volume, of fluid collected

c pvi = pore volumes injected
c Itube = tube number
c Ro = oil recovered

c Rd = decane recovered

c Rw = water rxoverd

c Data must be entered into the data file as follows:
c pore vAume of core - (porevol)
c number of collection samples - (nsamp)
c total dead volume of flowing system - (AB)
c actual decane flow rate being pumped through system - (qd)
c a(-aal oil flow r:-!e being pumped though system - (qo)

read (7,*) porevol

read (7,*) nsamp
read (7,*) AB
read (7,*) qd
read (7,*) qo

c Determine the fractional flow of the decane and oil

fd = qd / (qd + qo)

fo = qo / (qd + qo)

c Constd and consto ai, the dead volumes of the decane and oil

constd = ab*fd
consto = ab*fo

do 10 I = 1,nsamp
Itube(1) = 0
o(I) = 0.0
w(I) = 0.0

d(I) = 0.0
Vo(I) = 0.0

Vw(I) = 0.0
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Vd(D) = 0.0
Vt(D) = 0.0
Vtw(I) =0.0

Vto(I) =0.0

Vtd(I) =0.0

Vtt(D) = 0.0
pvi(D) = 0.0
Ro(I) = 0.0
Rd(I) = 0.0
Rw(I) = 0.0
Vt(D) = 0.0
q(I) = 0.0

10 continue

do 20 1 = 1,nsamp
read (7,*) Itube(I), o(I), w(I), d(I), ctime(I)

20 continue

I =I
Vo(I) = o(I) - consto
Voa = o(I)
Vto(I) =Vo(I)

Ro(l) Vto(I) / porevol
Vw(I) =w(I) - o(I)
Vwa = w(I) - o(',)
Vtw(I) = Vw(I)
Vd(I) = d(I) - w(1) - constd
Vda = d(l) - w(I)
Vtd(D = Vd(I)
Rd(I) =Vtd(I) / porevol
Vtt(I) =Vto(I) + Vtw(I) + Vtd(I)
pvi(I) =Vtt(I) / porevol
Rw(I) =Vtw(I) / porevol
Vt(I) =Vo(I) + Vw(I) + Vd(I)
q(1) = (Voa + Vwa + Vda) / ctime(I)

do 30 1I 2,nsamp
Vo(I) = o(I)
Vto(I) = Vo(I) + Vto(I- 1)
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Ro(I) =Vto(I) /porevol
Vw(I) =w(I) - o(I)
Vtw(I) -Vw(I) + vtw(I-1)
Vd(1) =d(I) - w(I)
Vtd(D = Vd(I) + Vtd(I-1)
Rd(I) Vtd(I) / porevol
Vtt(I) =Vto(I) + Vtw(I) + Vtd(I)
pvi(I) =Vtt(1) / porevol
Rw(I) =Vtw(I) / porevol
Vt(I) =Vo(I) + Vw(I) + Vd(I)
q(I) = Vt(I) / ctime(l)

30 continue

ndsamp = nsamp + 1

write (3,100) ndsamp
ci = 0.0
c2 = 0.0
write (3,101) ci, c2
do 40 j = ,nsamp

write (3, 101) pvioj), Rooj)
40 continue

write (3,110) ndsanip
write (3,101) ci, c2
do 50 j = ,nsamp

write (3, 101) pvioj), Rdoj)
50 continue

write (3,120) ndsamp
write (3,101) ci, c2
do 60 j = 1,nsamp

write (3, 101) pvioj), Rwoj)
60 continue

write(3,124) 0
write(4, 125)
write(8, 126)
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write(4, 150)
write(8, 150)
write (4, 130)
write(8, 131)
do 80 1 = 1,nsamp

write(4,140) Itube(I), Vo(I), Vw(D, Vd(1),
$ Vto(I), Vtw(I), Vtd(I), Vtt(I), Ro(I), Rw(I),
$ Rd(I), pvi(I)

write(8,141) Itube(I), o(I), w(I), d(I)
80 continue

call fixflow

stop
100 format (15,' Ro data')
101 format (f12.5,5x,f12.5)
110 format (15,' Rd data')
120 format (15,' Rw data')
124 format (15)
125 format ('fractional collection analysis')
126 format ('fractional collection data'
130 format (' # Vo Vw Vd Vto Vtw Vtd Vtt Ro

$ Rw Rd PVI')
131 format ('# 0 w d '

140 format (12,lx,f5.2,lx,6(f6.2,lx),4(f5.2))
141 format (13,lx,3(f7.3,lx))
150 format C''

end

suibroutine fixfiow

c This program takes the raw pressure vs time data and averages eaw'h
c " n " number of up to " Istop " number of raw data points to give
c a managable data file for the graphs

c This program also adjusts the pressure time data to account for the
c delay in starting the run and the dead volume of the core
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implicit real*8 (a-h,o-z)

dimension phi(2000), pvi(2000)
common/a/ ctime(50), q(50)

c set the pore volume of the core: "porevol"

c set the constant displacing fluid flow rate: "qf'

c set the delta time (seconds) from the start of the data file
c until the beginning of the run: "deltat"

c set the flowing dead volume of the core: "Vdead"

parameter ( porevol = 131.97)
parameter ( qf= 2.2175)
parameter ( deltat = 103.0)
parameter ( Vdead = 1.82)
parameter ( n = 100, Istop = 19400)

c data.in contains the pressure time data from the run

open(unit= 11 ,file='data.in ',status='old',access='unknown')
rewind(unit= 11)

c fig.data is the output file that contains the corrected normalized
c pressure and pore volume injected data

open(unit= 12,file='fig.data',status='unknown')
rewind(unit=12)

c calculate the time adjustment: tadj

tadj = deltat + 60.0 * (Vdead / q(1))

c set initial values

c Icount = number of actual data points read

Icount = 0
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c Npoint = number of points recoreded for graphing

Npoint = 0

c ntube = collection tube that data are for

ntube = 1

c runtime = cumulative time of the run

runtime = 0.0

c tubetime = cumulative run time that the tube "ntube" was collected

coltime = ctime(ntube)

c Vinj = cumulative fluid volume injected into the core
c corrected for Vdead and time

Vinj = 0.0

c Vinjole = cumulative fluid volume injected into the core
c at the beginning of the averaging period

Vinjold = 0.0
c Vave = average volume injected into core during a time period

Vave = 0.0

c rtold = runtime at the beginning of the time step

rtold = 0.0

c qave = average flowrat during the time step

qave = 0.0

c ctime(I) = collection time of tube '"
c q(I) = flowrate of tube "I"
c told = last time point read
c dT = time difference between last time read and current time read
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do 999 j =1,38

999 continue

I read(l1t, p

told = t

Icount = Icount + 1

t= t - tadj
if (Icount .GE. Istop) go to 20

if (t Alt. 0.00000) go to 1
Npoint = Npoint + 1

phi(Npoint) = p / (q(ntube))
pvi(Npoint) = 0.0

c start loop to determine pvi vs normalized pressure

5 sumpress = 0.00
rtold = runtime
Vinjold = Vinj

Vave = 0.0
ncount = 0
do 10 1I1,n

Icount =Icount + 1
ncount =ncount + I
read(1 1,*) t, p
dT = dabs((t - told)/60.0)
runtime = runtime + dT
told = t

7 if (runtime .gt. coltime) then
ntube = ntube + 1
coltime = coltime + ctime(ntube)
go to 7
end if

Vinj =Vinj + dT * q(ntube)
Vave =(Vave + dT * q(ntube)) / float(D)
qave =(Vinj - Vinjold) / (dabs(runtime - rtold))
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sunipress =sumpress + p
if (Icount .GE. Istop) go to 20

10 continue
20 Vave = Vave +Vinjold

avepress = sumpress / ncount
Npoint = Npoint + I

phi(Npoint) = avepress / qave
pvi(Npoint) = (Vave) / (porevol)
if (Icount .LT. Istop) go to 5

c print data

write(12,100) Npoint
do 30 1 = 1,Npoint

write(12,200) pvi(I), phi(I)
30 continue
100 format(15)
200 forniat(f I 6.8,3x,f 16.8)

return
end


